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1. INTRODUCTION 
Internal combustion engines have undergone more than a century of development since 
Nicolaus A. Otto invented the first spark-ignition engine in 1876 and the German engineer 
Rudolf Diesel introduced the compression-ignition engine in 1892. Now, both types of en-
gine play a dominant role in the field of energy conversion. The last 30 years have seen an 
explosive growth in engine research and development as the issues of air pollution, fuel 
cost and world-wide market competitiveness have become increasingly important. Based 
on its superiority in fuel economy and its low emissions of unburned hydrocarbons and car-
bon monoxide, the diesel engine bas been a popular choice for heavy and medium-duty ap-
plications. However, due to decreasing petroleum reserves , unstable foreign supplies of pe-
troleum, and the environmental consequences of exhaust products from internal combustion 
engines, a major thrust to develop alternate energy sources has become increasingly 
important. 
Diesel engines usually exhaust much larger amounts of particulate matter (PM) than 
spark-ignition engines. About 90% of diesel particulate is in the size range from 0.0075 to 
1.0 µm [l] and has a significant potential health impact due to the ability of particles to be 
inhaled and eventually trapped in the bronchial passages and alveoli of the lungs. 
Over the past years, the Environmental Protection Agency (EPA) has issued more and 
more stringent diesel engine emission standards. Table 1.1 shows the EPA heavy-duty ve-
hicle emission standards from 1988 to 1998 [2]. 
A number of studies have shown that organic seed oils, such as soybean, sunflower, 
peanut and their alkyl esters (called biodiesel), hold promise as fuel alternatives for die-
sel engines. The primary incentive for using biodiesel is that it is a nontoxic, biodegradable 
and renewable fuel that reduces the emission of harmful pollutants. Two areas where 
biodiesel has significant advantages over petroleum-based diesel fuel are its high cetane 
number and its particulate reduction potential . 
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Table 1.1 EPA heavy-duty diesel exhaust emission standards (GVW>8500 lbs) 
Emissions (g/bhp-hr) 
Model year 
HC NOx Particulate 
1988 1.3 10.7 0.60 
1991 l.3 6.0 0.25 
1994 1.3 5.0 o.10n 
1998 1.3 4.0 0.10 
astarting in 1996, new urban buses must have 0.05 g/bhp-hr 
particulate emission standard. 
co 
15.5 
15.5 
15.5 
15.5 
One serious limitation to the use of vegetable oils and their esters as fuels is their high 
crystallization temperature. Many of the oi ls and esters will solidify at temperatures as high 
as - l. l °C to 4 .5 °C. One solution to this problem may be the use of iso-propyl esters in-
stead of the more common methyl and ethyl esters. The chain branching of the iso-propyl 
ester has been shown to reduce the crystallization temperature of soybean oil ester by 11 °C 
compared with methyl ester [3]. 
A number of diesel emissions studies have been conducted with blends of methyl and 
ethyl esters of vegetable oils with diesel fuel. However, no data for the iso-propyl ester of 
vegetable oils has been found. The objective of this work was to test fuels with different 
blends of methyl and iso-propyl esters of soybean oil in No.2 diesel fuel, and to compare 
their emission levels with No.2 diesel fuel. This study also measured the emission level of 
a methyl ester of soybean oil that was treated using a special technique called 
"winterization" to provide better cold flow prope11ies. 
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The major tasks for this project were: 
I. Comparison of the emi ion level of different blends of methyl and iso-
propyl ester of oybean oil and No.2 die el fuel with under steady state con-
ditions. 
2. Determining the proportion of solid carbon and soluble organic fraction rn 
the particulates of the different fuel blend . 
3. Performing beat relea e analy is based on measured cylinder pre ure data to 
investigate the combustion phenomena of methyl and iso-propyl ester of 
soybean oil. 
This the is includes a literature review of die el engine combustion and emi ion and 
the properties of fuels produced from the e rers of vegetable oils. The experimental et-up 
and test procedures also are discus ed. Finally, the experimental re ult and conclusions 
will be presented. 
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2. LITERATURE REVIEW 
In this chapter, diesel engine combustion and emission processes are described. This is 
followed by a discussion of renewable fuels and their emissions. 
2.1 Combustion Processes in Diesel Engines 
The combustion process in a diesel engine is an extremely complex phenomenon. It is 
an unsteady, heterogeneous, three-dimensional combustion process. It depends on many 
factors, such as the design of the engine's combustion chamber and fuel-injection system, 
the engine's operating conditions, and the characteristics of the fuel. 
Combustion in a diesel engine proceeds in phases which involve both physical and 
chemical processes. Near the end of the compression stroke, liquid fuel is injected at high 
velocity into high temperature compressed air. The fuel breaks up into fine droplets, vapor-
izes, mixes with the high temperature and high pressure turbulent air and begins to undergo 
chemical reactions. There is a time period, called the ignition delay, during which the fuel 
undergoes heating, vaporization , mixing and pre-combustion reactions. After the delay pe-
riod, usually a few degrees of crank rotation, spontaneous ignition will occur at regions 
where the mixture fuel-air ratio is close to stoichiometric. Because there are many locations 
in the mixture that are close to autoignition, when it finally occurs , the pressure and tem-
perature in cylinder increase rapidly. The uncontrolled combustion and rapid pressure rise 
depend on the amount of fuel present in the combustion chamber, which in turn will be in-
fluenced by the length of the ignition delay and the amount of fuel injected during the delay 
period. The resulting compression of the unburned portion of the fuel-air mixture shortens 
the delay for that mixture. After the fuel and air which were mixed during the ignition de-
lay have been consumed, the combustion rate is controlled by the rate at which the fuel 
mixes with the air. The heat-release rate may or may not reach a second peak in th is phase. 
Finally, the combustion will enter the fi nal phase. The small fraction of fuel that has not 
5 
burned due to nonuniform mixing can continue to bum during expansion, but the final burn-
out processes become slower as the gas temperature falls [4,5]. 
2.2 Diesel Engine Emissions 
About 65 to 85% percent of engine emissions are associated with the engine exhaust 
gases. These pollutants are oxides of nitrogen (NOx), carbon monoxide (CO), unburned hy-
drocarbons (HC), particulate matter (PM) which includes soot, or solid carbon, sulfates , 
condensed hydrocarbons, called the soluble organic fraction (SOF), and traces of alcohols, 
aldehydes, ketones, phenols, acids, esters, and ethers. The crankcase breather and fuel tank 
breather are the sources for the remainder of the engine emiss ions. 
AJthough NO is the dominant oxide of nitrogen formed within the cylinder, most NO is 
converted to N02 in the atmosphere. The formation of NO is complex since it is dependent 
on a series of reactions, such as: 
0 2 <===> 20 
0 + Ni <===> NO + N 
N + 0 2 <===> NO + 0 
N + OH <===> NO + H 
Most NO is formed by an endothermic reaction in the burned-gas regions of the cylin-
der. Chemical kinetics calculations show that formation of NO increases very strongly with 
increasing flame temperature. These calculations show that the highest concentration of NO 
is obtained for slightly lean mixtures and rapid combustion as these condjtions combine the 
availability of oxygen with the highest flame temperature. Thus, the amount of NO in ex-
haust gas is sensitive to injection timing, the amount of suitable combustion fuel-air mixture 
and the rate of combustion. During the expansion stroke, the decreasing gas temperature 
freezes the reactions so that the concentrations that leave the engine are much higher than 
the equilibrium concentrations corresponding to the exhaust temperature. NO formation is 
also influenced by the flame speed. NO emissions tend to increase with reduced engine 
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speed [ 4, 5]. Some prope1ties of the fuel will also have effects on the formation of NO, 
such as kinematic viscosity, cetane number and aromatic content [6, 7]. Moreover, because 
vegetable oils and their alcohol esters have oxygen atoms in their molecular structure, the 
emission of NO will generally to be higher than that from diesel fuel [8, 9]. 
Carbon monox.ide (CO) emission is controlled primarily by the fuel/air ratio . Carbon 
monoxide production is greatest with fuel-rich mixtures, as there will be incomplete com-
bustion. With lean mixtures, CO is always present due to dissociation, but the concentra-
tion decreases with reducing combustion temperature. Because diesel engines always op-
erate well on the lean side of stoichometric, CO emission is always very low [4]. 
Unburned hydrocarbons are a consequence of incomplete combustion of the hydrocar-
bon fuel. Fuel composition can significantly influence the composition and magnitude of 
the organic emissions. Fuels containing high proportions of aromatics and olefins produce 
relatively higher concentrations of reactive hydrocarbons. Usually, there are two major 
causes of HC emissions from diesel engines under normal operating conditions: fuel mixed 
leaner than the Jean combustion limit dming the delay period; and under mixing of fuel 
which leaves the fuel injector nozzle at low velocity, late in the combustion process [4, 5, 
10]. 
Particulate matter is defined by the Environmental Protection Agency (EPA) as any 
diesel exhaust substance that can be collected by filtering the diluted exhaust at or below 
325 K [11]. Particulates consist principally of combustion generated carbonaceous material 
or soot. On their surfaces, some liquid phase emissions are adsorbed which are organic 
compounds (called soluble organic fraction, or SOF) and sulfate (primarily H2S04 and some 
metal ion sulfates). The SOF is composed of unburned fuel and lubricating oil and their par-
tial ox.idation products . The term "smoke" is sometimes used to denote the solid carbon por-
tion of the particulate. Smoke is visually apparent and usually measured with an optical 
technique such as opacity to light. 
The carcinogenic effect related to diesel exhaust particles is now considered to have at 
least two components, one related to the inorganic ''carbon core" (solid carbon soot or SOL) 
7 
and one to the adsorbed SOF. Several recent laboratory studies with rats have indicated that 
the SOL portion is probably essential for initiation of tumor formation [12, 13, 14, 15]. The 
associated SOF, pruticularly the polynuclear aromatic hydrocarbons (PAH) and the nitro-
PAH, could also make a contribution to the overall carcinogenic effect [ 16]. 
Soot formation takes place in the fuel combustion environment at temperatures between 
1000 and 2800 K, at pressures of 50 to 100 atm and with sufficient air overall to fulJy burn 
all the fuel. The time available for the formation of solid soot particles from the fuel is on 
the order of milliseconds. 
The production of particulates in a diesel engine can be divided into two stages: particle 
generation and particle growth. 
During the particle generation, or nucleation, process the first condensed phase material 
arises from the fuel molecules via their oxidation and/or pyrolysis products. These products 
include various unsaturated hydrocarbons, particulru·ly acetylene and its higher analogues 
(C2nH2), and polycyclic aromatic hydrocarbons (PAR). These two types of molecules are 
considered the most likely precursors of soot in flames. Nucleation produces a large number 
of very small particles which represent almost negligible soot loading in the region of their 
formation. 
Particle growth processes include surface growth, coagulation and aggregation. Sur-
face growth involves the attachment of gas-phase species to the surface of particles and 
their incorporation into the particulate phase. Surface growth reactions lead to an increase in 
the amount of soot but the number of pru·ticles remains unchanged. Coagulation involves 
pru·ticle collisions and coalescence, which decreases the number of particles and increases 
their size with the amount of soot staying constant. Then the particles are aggregated into 
chains and clusters by collisions of larger particles. Figure 2.1 illustrates the relationship be-
tween these processes. 
These stages of particle generation and growth constitute the soot formation process. In 
these processes, oxidation can occur whenever soot or soot precursors are in the presence of 
oxidizing species to form gaseous products such as CO and C02. The eventual emission of 
Hydrocarbons 
Nucleation 
'I I' 
Surface growth 
'I I' 
Agglomeration 
'1 1' 
Adsorption and 
condensation 
'I I' 
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Figure 2.1 Processes of diesel particulate formation [ 4] 
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soot from the diesel engine will depend on the balance between the processes of formation 
and oxidation. 
Adsorption and condensation of hydrocarbon are the final processes during particulate 
formation. They occur primarily after the burned gases have been exhausted from the en-
gine, as these exhaust gases are diluted with air. During particulate emission measurement, 
the process occurs in a dilution tunnel that simulates the actual atmospheric dilution proc-
ess. It can be seen that the nature and quantity of particulate emissions from a given source 
will be dependent, not only upon the source, but also upon the sample collection methods 
used. Among the important sampling considerations are the degree of exhaust gas dilution 
and mixing with ambient air before sampling, the sampling temperature, the sampling time, 
and the device used to remove the particulate matter from the exhaust gases. In order to 
compare sources of particulate emissions, it is critical that samples be collected as consis-
tently as possible [4, 17, 18, 19]. 
The fust step of a particulate analysis scheme generally is solvent extraction of tbe par-
ticulate matter. This results in the separation of the sample into soluble and insoluble frac-
tions. The exact nature of this separation is dependent on the solvent and extraction condi-
tions. A wide variety of solvents have been used for the extraction of particulate matter 
including methanol, hexane, cyclobexane, benzene, chloroform, methylene chloride and 
carbon disulfide. The criteria for the choice of a solvent include its extraction efficiency, 
purity, volatility, toxicity, cost and compatibility with subsequent analytical procedures [20, 
21,22]. 
For the extraction of PAH from airborne particulates, benzene and methanol have been 
shown to be more effective than most other commonly used solvents [20, 2 1]. Polar sol-
vents such as methanol and methylene chloride are known to be more efficient extraction 
solvents for polar species than nonpolar solvents such as benzene and cyclohexane. Binary 
mixtures of polar and nonpolar solvents or alternatively separate extractions with each sol-
vent type have been demonstrated to yield higher levels of soluble organic fraction from 
airborne particulates than single solvent extractions. The use of binary solvent extrac-
tions, particularly benzene and methanol, has become very popular [22, 23, 24, 25] . 
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Methylene chloride has been shown to be an efficient general solvent for hydrocarbon 
extraction from particulate and was used as the extraction solvent for this study. Its selec-
tion over other available candidates was predicated by a desire to be consistent with EPA 
procedures for the analysis of diesel particulate matter [22, 26, 27, 28]. 
Typically 15 to 30 mass percent is extractable, though the range of observations is much 
larger (10 to 90 percent). Although most of the particulate emissions are formed through 
incomplete combustion of fuel hydrocarbons, engine oil may contribute significantly. 
The SOF of diesel particulate can be chemically characterized into eight fractions as shown 
in Table 2.1 . Those fractions are generally labeled as: basic, acidic, paraffins, aromatics, 
transitional, oxygenates, ether insolubles, and hexane insoluble [29, 30]. The basic fraction 
contains aromatic or aliphatic species with basic functional groups such as -NH2. Examples 
of these compounds are the benzacridenes. The acidic fraction contains aliphatic and aro-
matic species containing acidic functional groups such as -COOH or phenolic -OH groups. 
Benzoic acid and the phenols would be examples of this type of compound. 
The paraffin fraction contains the aliphatic straight and branched chain alkanes; n-
dodecane is an example of this type of compound. Unburned fuel would be a source for 
high levels of paraffins in diesel particulates. The aromatic portion of the particulate extract 
will contain those compounds that have aromatic structure and no functional groups that 
may be thought of as polar. Alkyl substances may be found with a variety of chain lengths 
expected. An example of the type of compound in this fraction is a polynuclear aromatic 
such as benzo(a)pyrene. 
The transitional fraction consists of compounds that may be oxygenated but without 
acidic, basic or other polar functional groups. Those compounds can be aromatic or ali-
phatic and have a high probability of containing an ether type of functional group. The 
fraction labeled as oxygenates contains those oxygenated compounds that are not acidic or 
basic , but still have polar functional groups. Aromatic and aliphatic ketones and aldehydes 
fall into this class of compounds. Typical of these compounds might be quinone or a-
napthoquinone. 
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Table 2.1 Fractions of SOF [29] 
Characterization of SOF Fractions of SOF 
Basic <1-2% 
Acidic 3-15% 
Paraffin 34-36% 
Aromatic 3-14% 
Transitional <1-6% 
Oxygenates 7-15% 
Ether insolubles 6-25% 
Hexane insolubles 1-3% 
The insoluble fraction contains a wide variety of compounds that may include both 
organic and inorganic compounds. A number of different functional groups may be present 
in this fraction [29, 30]. 
2.3 Vegetable Oil Fuels 
Interest in the development of alternative fuels has grown steadily during the past two 
decades. Researchers have found that vegetable oils and their alcohol esters have signifi-
cant appeal as a substitute diesel fuel. Vegetable oils are naturally occurring esters found in 
numerous plant varieties. The difference of vegetable oils from typical diesel fuel is that the 
vegetable oils are composed of triglycerides with fatty acid chains of 16 to 22 carbons in 
length, while diesel fuel consists mostly of saturated hydrocarbons with carbon chain length 
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between 10 and 16. Saturated hydrocarbons contain only single bonds between carbon at-
oms. The chemical structure of a typical triglyceride is illustrated in Figure 2.2. 
R1, R2 and R3 in the structure of vegetable oil represent the hydrocarbon chain of the 
fatty acids, and may be of different chain length and have different numbers of double 
bonds present. Fatty acids comprise from 94% to 96% of the total mass of a triglyceride 
molecule. 
r-o-2.-R1 
CH-o-2.-R2 
CH2-o-2.-R3 
Figure 2.2 Chemical structure of vegetable oil 
Therefore, the proportion of the acids determine the physiochemical properties of an 
oil, such as viscosity and calorific value. Table 2.2 shows the fatty acid compositions of 
some common vegetable oils [31]. The numbers following the name of the fatty acid indi-
cate the total number of carbon atoms in the fatty acid and the number of double bonds. For 
example, oleic acid is designated 18:1, which means it has an 18 carbon chain with one 
double bond. 
In most samples of vegetable oils, a small number of the fatty acid molecules have 
detached from the glycerin base and are known as "free fatty acids". The quantity of free 
fatty acids predominantly affects the flash point of a plant oil and to some extent its ignition 
characteristics. The degree of unsaturation (number of carbon-carbon double bonds) deter-
mines the oxidation stability as well as the melting temperature of the oils . The double 
bonds present in unsaturated oils are higWy susceptible to attack by oxygen molecules and 
subsequent formation of chemically active hydroperoxides. However, unsaturated oils have 
much better cold flow properties than saturated oils [32]. The cetane number of vegetable 
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Table 2.2 Fatty acid composilions of some vegetable oils 
(% by weight) 
Fatty acid Formula Cotton Peanut Rape Safflower Soybean Sunflower 
seed eed 
Myristic 14:0 Ct4H2s0 2 0.00 0.00 0.00 0.00 0.00 0.00 
Pal mi tic 16:0 C16HJ202 28.33 11.38 3.49 8.60 11.76 6.08 
Stearic 18:0 Ci8H360 2 0.89 2.39 0.85 1.93 3.15 3.26 
Oleic 18: l C1 sH34Q2 13.27 48.28 64.40 11.58 23.26 16.93 
Linoleic 18:2 C1 sHJo0 2 57.51 31.95 22.30 77.89 55 .52 73.73 
Linolenic 18:3 C1 sH2s0 2 0.00 0.93 8.23 0.00 6.31 0.00 
Arachidic 20:0 C20H4o0 2 0.00 1.32 0.00 0.00 0.00 0.00 
Behenic 22:0 C22H440 2 0.00 2.52 0.00 0.00 0.00 0.00 
Lignoceric 24:0 C24H4s0 2 0.00 1.23 0.00 0.00 0.00 0.00 
oi ls and their alcohol esters increases with increased chain length of the fatty acid , which 
generally tends to improve combustion and emissions. However, the viscosity also in-
creases with increasing chain length. [31, 33]. 
The physical and chemical propertie of vegetable oil are close enough to tho ·e of 
diesel fuel to operate unmodified engine for hort period. of time. The volatility and vi -
cosi ty do differ from diesel fuels, each having a negati ve impact on the oil's overall quality 
as an alternative fuel. Table 2.3 compare some of the fuel properties of vegetable oi l and 
their alcohol esters with typical No.2 diesel fuel [31, 34]. 
Cetane number is one of the most important properties of diesel fuels. It indicates the 
readiness of a diesel fuel to ignite spontaneously under the temperature and pressure condi-
tions in the combustion chamber of the engine. The higher the cetane number, the 
shorter the delay between injection and ignition. Shorter ignition delay is usually better for 
engine performance and emission . The heating value i a measure of the energy available 
from a fuel when it is burned, and is the ba is for calculating the thermal efficiency of an 
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Table 2.3 Fuel properties of vegetable oils and their alcohol e ters 
Fuel Higher heating Celane No. Cloud poinl Pour point Visco ity 
value MJ/kg oc oc est @40°C 
Peanut 39.5 41.8 12.8 -6.7 39.60 
Soybean 39.6 37.9 -3.9 -12.2 32.60 
Sunflower 39.6 37.1 7.2 -15.0 33.90 
Methyl soybean 39.8 46.2 2.0 -1.0 4.08 
Ethyl soybean 40.0 48.2 1.0 -4.0 4.41 
Butyl soybean 40.7 5 1.7 -3.0 -7.0 5.21 
Methyl unflower 39.8 47.0 0.0 - -
Methyl peanut - 54.0 5.0 - 4.90 
Methyl rapeseed 40.1 - -3.3 -14.7 6.10 
Ethyl rapeseed 41.4 - -4.7 -18.7 6.75 
No.2 diese l 45.3 47.0 - 15.0 -33.0 2.70 
engine using that fuel. Generally, the heating value of vegetable oiJs is slightly lower than 
die el fue.I. Viscosity of a fuel indicates its resistance to flow; the higher the viscosity, Lhe 
greater the resistance to flow . Changes in fuel viscosity will alter the injector spray penetra-
tion rate, cone angle and drop-size distribution. These changes in spray quality wi ll directly 
affect the quality of combustion. The higher viscosity of vegetable oil is their greatest 
·hortcoming as a diesel fuel. 
Previous studies on the use of unmodified vegetable oils have revealed their potential as 
an alternative to or extender for diesel fuel. Further enhancing their value from an environ-
mental viewpoint, the vegetable oi ls are entirely renewable and biodegradable in the event 
of spills, and contain only trace amounts of sulfur. Low ulfur levels would signjficantly 
reduce the hazardous sulfate portion of diesel engine particulate erojssions. However, the 
high viscosity and low volatility of unmodified vegetable oils cause injector spray pattern 
problem and result in poor combustion. In addition, this results in the formation of depo -
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its in the combustion chamber, and the dilution of the lubricating oil with unburned fuel. 
Many tests have shown that short term performance indicators (power output, torque, brake 
thermal efficiency and emissions) of numerous vegetable oils are comparable to those of 
diesel fuel [35, 36, 37, 38, 39]. However, long term tests showed that unmodified vegetable 
oils produced severe engine deposits, injector coking and piston ring sticking [ 40, 41, 42, 
43, 44]. 
A number of studies have shown that modification of the vegetable oils, typica.lly 
through transesterification to form methyl , ethyl or butyl esters of vegetable oils can pro-
vide a significant reduction in the viscosity of the oils, and make them more suitable for use 
in a diesel engine without modifications [45, 46, 47]. Transesterification is the process of 
reacting a triglyceride (vegetable oil) with an excess of the stoichiometric amount of an al-
cohol in the presence of a catalyst (KOH, NaOH or NaOCHJ etc.) at room temperature (30 
to 70 °C) [47, 48] to produce glycerin and fatty esters. The chemical reaction is shown in 
Figure 2.3. 
It is these fatty esters of vegetable oils which are now commonly called "biodiesel". 
With different alcohols, such as methanol, ethanol or butanol, the production of alcohol es-
ters is methyl ester, ethyl ester or butyl ester. When a specific vegetable oil, such as soy-
bean oil, is used to produce the ester, the product is methyl ester of oybean oil or methyl 
CH2COOR1 CHJCOOR1 CH2-0H 
I Catalyst I 
CHCOOR2 + 3 CHJOH > CH3CQOR2 + CH-OH 
I (NaOCH3) I 
CH2COOR3 CH3CQORJ CH2-0H 
Triglyceride Alcohol Mixture of Glycerin 
(vegetable oil) fatty esters 
Figure 2.3 Chemical reaction of triglyceride with alcohol 
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soyate or sometimes "soydiesel". Successful transesterification processes for many differ-
ent vegetable oi ls have been reported [46, 47, 48, 49, 50]. 
The alcohol esters have better fuel properties than those of unmodified vegetable oils [8, 
34, 51 ]. They usually have lower viscosity, lower cloud and pour points, and about 
the same heating value. Table 2.2 also shows fuel properties of some vegetable oil esters. 
Research evaluating the ester for sunflower, cottonseed, and rapeseed oils [52] reports 
that engine performance (based on thermal efficiency and brake horsepower) was equal to 
or exceeded that of diesel fuel. Although some reports of heavy carbon deposits have been 
associated with the use of methyl esters of sunflower oil [53], the primary operation-related 
concerns with esters include: dilution of the lubricating oil, relatively high cloud and pour 
points, material compatibility, and long-term storage implications [54]. 
2.4 Diesel Engine Emissions Fueled with Vegetable Oils and Their Alcohol Esters 
Performance and emissions of diesel engines fueled with vegetable oils have been tested 
by many researchers. Vander Griend [47] observed that vegetable oil combustion does not 
proceed along the same lines as does diesel fuel. It displays the conventional stages of com-
bustion very similar to diesel fuel, but offers some advantages over diesel by exhibiting 
lower peak pressures and a smoother diffusion burn. As such, the vegetable oils will re-
spond differently and display a different sensitivity to combustion related parameters. As a 
result, research focusing on optimizing an engine for vegetable oil operation, especially in 
the case of emissions, may experience results far different from those for diesel fuel. 
If an alternative fuel is to compete with an ordinary fuel , an important prerequisite is 
meeting today's exhaust emission standards with only minor modifications to the engine or 
exhaust system. Kaufman and Ziejewski [53] found that methyl and ethyl esters of sun-
flower oil have reduced smoke and exhaust gas temperature and the methyl esters of winter 
rapeseed oil, when evaluated as a supplement to diesel, have demonstrated smoke and ex-
haust gas temperature reduction in blends containing as little as LO% of the ester. All three 
esters provided lower particulate and NOx emissions. Geyer et al. (52] reported that methyl 
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esters of cottonseed and sunflower oil have displayed significant reductions in particulate, 
but have contributed to higher exhaust gas temperature as well as higher NOx emission. 
Barsic and Humke [55] fueled a single cyljnder, direct injection, naturally-aspirated 
diesel engine with peanut oil, sunflower oil and 50/50 blends of these oils with No.2 diesel 
fuel. The results showed that NOx emissions using vegetable oils were not significantly dif-
ferent than when using diesel fuel. The increase in HC, CO and particulate emissions at 
mm mum fuel delivery were due primarily to operation at higher equivalence ratios. Based 
on equal energy input, NOx emission was similar for the vegetable oils and their blends with 
diesel fuel. HC emission for peanut oil, sunflower o il and Lheir blends was 50% higher than 
for 100% diesel fuel. CO emissjon for vegetable oils was about twice that of diesel fuel for 
some operating modes and lower for others. The increase in CO emission as greater 
amounts of vegetable oil were blended with diesel fuel may be due to fuel property effects. 
Particulate emission exhibited some of the same trends as CO emission. There were gener-
ally higher emissions as more vegetable oil was substituted for iliesel fuel. 
Hemmerlein et al . [56] used six types of diesel engine to test the engine perfo rmance 
and emissions fueled with rapeseed oil. The results were that CO emission was up to 100% 
higher with rapeseed oil compared to diesel fuel. An increase in HC emission was also 
measured. The increase depended on the operating range of the engines and could increase 
by as much as 290% compared to diesel fuel, but the NOx emission was up to 25% lower 
with rapeseed oil . Pa.i1iculate emission was reduced by 30 to 50% with rapeseed oil in en-
gines with divided combustion chambers. Direct injection engines showed higher pa.i1icu-
late emission (90 to 140%) with rapeseed oil compared to diesel fuel. 
The results discussed above indicate mixed results when using vegetable oil s in diesel 
engines. A large amount of research has also been conducted on vegetable oil esters. 
Nearly every study performed to date has shown that alcohol esters of vegetable oils or their 
blends with typical No. 2 diesel fuel can be used as a substitute for diesel in short term tests. 
The presence of oxygen atoms in Lhe biodiesel fuels assures more complete combustion in 
engines. This reduces the CO, HC and particulate matter (PM) in the exhaust gas when 
compared with No. 2 diesel fuel. 
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Schumacher et al. [9] used a Caterpil1ar 3408 and four International 574 farm tractors 
fueled with diesel/soydiesel blends to test the engine's performance and emissions. The re-
sults showed that engines fueled with 100% soydiesel did not lose a significant amount of 
maximum torque capacity, but developed approximately 5 to 7% less power than engines 
fueled with No. 2 diesel fuel. The engine's exhaust opacity readings declined as Lhe con-
centration of soydiesel in the soydiesel/No. 2 diesel fuel blend increased. CO emission 
tended to decrease when engines were operated at peak torque as the percent soydiesel in 
the fuel mixture increased, but remained relatively constant at peak power. NOx exhaust 
emissions tended to be lower when engines were fueled with I 0-40% soydiesel/diesel 
blends compared to 100% diesel or 100% soydiesel. Kusy [46] found similar results when 
he fueled a direct injection engine in a John Deere 4640 tractor with ethyl ester of soybean 
oil. 
Schumacher et al. [57] also used a 5.9 liter direct injection turbocharged Cummins die-
sel engine installed in a Dodge pickup to compare engine efficiency, wear, performance and 
emissions of 100% methyl ester of soybean oil with 100% diesel fuel. They found that the 
fuel efficiency was nearly identical to that obtained when the engine was fueled with diesel 
fuel. The engine did not appear to be wearing at an accelerated rate and no abnormal 
coking was noted on the injectors, on top of the pistons, or on the valve stems. The power 
of the engine fueled with 100% soydiesel was 5% less. CO emission stayed about the same, 
HC was reduced by 48%, particulate matter by 20%, but NOx emission was increased by 
13%. Based on performance tests with methyl ester of soybean oil in a Volkswagen 1.6 liter 
indirect injection diesel engine, Pischinger et al. [58] reported that the difference in power 
and torque between diesel fuel and methyl ester of soybean oil fuel varied only marginal ly 
while smoke emission levels were significantly lower for esters compared with diesel fuel. 
Alfuso et al. [59] found that methyl ester of rapeseed oil caused a rise in NOx emission, 
a decrease in HC and CO emissions, and a strong reduction in smoke. Particulate matter 
produced by the methyl ester in transient cycles was higher than that given by diesel fuel. 
Mittelbach et al. [60] noted that two different methyl ester fuels derived from rapeseed oil 
gave significantly lower total particulate matter and polynuclear HC emissions than No.2 
19 
diesel fuel. However, the methyl ester fuels produced higher levels of NOx emission and 
aldehyde emissions than did No. 2 diesel fuel. Geyer et al. [52] reported that methyl esters 
of cottonseed and sunflower oil displayed significant reductions in particulates, but also had 
higher exhaust gas temperature as well as higher NOx level. 
The effects of methyl, ethyl and butyl esters of soybean oil on the performance and 
emissjons of a John Deere 4239TF, direct injection, turbocharged diesel engine were inves-
tigated by Wagner et al. [8]. The performance of esters of soybean oil did not differ greatly 
from those of diesel fuel. The emissions of HC, CO and particulate matter were similar to 
diesel fuel. NOx emission was higher for all the ester fuels. Smoke was definitely Jess 
visible under full rack conditions for the methyl and ethyl esters compared to diesel fuel, 
but was greater for the butyl ester. 
In general, vegetable oils, their esters, and their blends with diesel fuel have lower car-
bon monoxide, unburned hydrocarbon, smoke and particulate emissions, but slightly higher 
oxides of nitrogen emissions than typical diesel fuel. The engine performance of these fuels 
is also similar to diesel fuel. They have great potential for reducing diesel engine emis-
sions. 
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3. EXPERIMENTALAPPARATUS 
This chapter will discuss the equipment that was used in this study. There are four 
sections in this chapter. First, an overview of the engine test setup is given. In the second 
section, the dilution tunnel, particulate sampling and analysis system are discussed. In sec-
tion three, the fuels and fuel blends used for the project are described , and the data acquisi-
tion system is presented in the last section. 
3.1 Engine Test Setup 
The engine used in this experiment was a John Deere model 4276T fo ur-cylinder, four-
stroke, turbocharged diesel engine. The basic engine specifications are provided in Table 
3.1. The combustion system of the engine is a bowl-in-piston, direct-injection, medium-
swirl type. The engine was connected to a 150 HP General Electric model TLC2544 direct 
curren t dynamometer. 
The atmospheric pressure was measured with a Data.metrics Barocel pressure sensor. 
Boost pressure, exhaust back-pressure and engine lubricating oil pressure were measured 
with bourdon pressure gages. Table 3.2 lists the nineteen thermocouples that were installed 
at different locations around the engine and dilution tunnel system. 
Table 3.1 Specifications of John Deere 4276T diesel engine 
Bore 
Stroke 
Connecting rod length 
Compression ratio 
Maximum power 
Peak torque 
Firing order 
106.5 mm 
127.0 mm 
202.9 mm 
16.8: 1 
57.1 kW @ 2100 rpm 
305.0 Nm @ 1300 rpm 
1-3-4-2 
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Table 3.2 Thermocouples in the John Deere engine 
No. of thermocouple 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
Location 
Inlet air dry bulb temperature 
Inlet air wet bulb temperature 
Intake manifold temperature 
Fuel temperature 
Oil temperature 
Coolant inlet temperature 
Coolant outlet temperature 
Exhaust manifold temperature 
Exhaust temperature (shielded thermocouple) 
Exhaust temperature (thermocouple shield) 
Exhaust temperature (unshielded) 
Not used 
Building cooling water inlet temperature 
Building cooling water outlet temperature 
Static temperature of 1st dilution tunnel 
Static temperature of 2nd dilution tunnel 
Filter chamber temperature 
Particulate sample temperature @ROOTS 
Diluted exhaust temperature @sampling point 1 
Diluted exhaust temperature @sampling point 2 
A Kistler model 6061 A pressure transducer was installed in the engine cylinder head to 
meas ure the combustion pressure. The pressure signal was ampli fied by a PCB charge am-
plifier, and recorded by a Zenith Z-386 computer through an Anal og Devices RTI-860 data 
acquisition board. A computer program collected 24 engine cycles of pressure data with 
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0.25 degree resolution , and averaged the pressure data to save on floppy disk. The program 
also provided summary information about each of the 24 engine cycles. The calibration of 
the Kistler pressure transducer is presented in Appendix. A. 
The volume flow rate of air into the engine was determined using a Meriam laminar 
flow element with a Baratron differential pressure transducer to measure the pressure drop. 
The fuel mass flow rate was measured using a Toledo electronic scale with a stopwatch. 
3.2 Emission Measurement Equipment 
3.2.1 Dilution tunnel 
Diesel engine particulate emission is measured with a special measurement system 
based on specifications contained in the Code of Federal Regulations [11]. A schematic of 
the measurement system is shown in Figure 3.1. It consists of a primary dilution tunnel, a 
heat ex.changer, a positive displacement pump (PDP) and a constant volume sampler 
(CVS). During the test, the entire exhaust gas flow of the engine is supplied to the dilution 
tunnel. Tunnels of this type are termed "full-flow" dilution tunnels. 
The dilution tunnel is intended to simulate the mixing of engine exhaust gas into the 
atmosphere, where some of the unburned hydrocarbon will be adsorbed and condensed onto 
the particulate surface. The total mass of adsorbed and condensed hydrocarbon is the sol-
uble organic fraction (SOF) of the particulate. 
In the particu late measurement system, the CVS system will draw a constant mass flow 
of diluted exhaust through the dilution tunnel. During transient tests, the flow rate and tem-
perature of the engine exhaust entering the dilution tunnel will be highly variable. How-
ever, the large heat ex.banger brings the diluted exhaust to an almost constant temperature. 
Since the pressure in the dilution tunnel does not vary significantly, the fact that the PDP is 
drawing a constant volume flow rate of constant-temperature, diluted exhaust means that 
the mass flow rate is also constant. If the mass flow is constant downstream, then it must 
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be constant upstream. This technique ensures that the exhaust measurements taken dur-
ing a transient cycle are properly weighted with respect to the different conditions of Lhe 
cycle. 
It is clear that the PDP-CVS system is very expensive. Some researchers have simpli-
fied the EPA standard dilution tunnel and developed their own systems. There are many 
examples of successful simplified dilution tunnels [61, 62, 63, 64]. Some of them are full-
flow dilution tunnels, and some draw a constant fraction of the total exhaust gas into the 
dilution tunnel. The dilution tunnel used in this study is a simplified full-flow dilution tun-
nel. Since the test objective was not to try to determine whether or not the engine met EPA 
emission standards, an EPA-type system was not essential. The details of the design and 
the validation tests can be found in B.C. Murray's M.S. thesis [65] . 
The particulate measurement system that was used for this study was a double dilution 
tunnel. Figure 3.2 shows a diagram of the primary and secondary dilution tunnels. The 
primary dilution tunnel was used to dilute the engine exhaust gas with compressed air, and 
the secondary tunnel was employed to mix a portion of the diluted exhaust gas with addi-
tional air. 
The primary tunnel was built in 1989 of standard galvanized spiral tubing [65]. This 
material was not ideal since it did not have a perfectly smooth interior. A rough interior 
increases the potential for particulate deposition, and could cause problems with 
particulates being re-entrained into the stream during a later test. However, no abnormal 
phenomena were observed during this experiment. 
The primary dilution tunnel was 0.305 meters in diameter [65]. The distance between 
the introduction of the engine exhaust gas and the particulate sample probe was 3.05 meters 
which corresponds to 10 tunnel diameters. This distance provided sufficient time for mix-
ing of the engine exhaust gas with the dilution air before the diluted exhaust gas was ex-
tracted by the particulate sampling system. The choice of the diameter of the dilution tun-
nel allowed a proper Reynolds number to be produced to enhance the turbulent mixing. 
Tests conducted to ensure complete mixing of the exhaust gas with dilution air are dis-
cussed in Appendix D. 
2 
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1. Centac II air compressor 
2 . Ball valve 
3. Air filter 
4. Thermocouple 
5. Pressure transducer 
6. Pressure gage 
7. Orifice 
8. Muffler 
9. Diesel engine 
IO.Exhaust pipe 
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11 . Mixing orifice 
12. Gaseous emission sampling tube 
13. Primary dilution tunnel 
14. Particulate sampling probe 
15. First fiJ ter 
16. Sampling pump 
17. Desiccant dryer 
J 8. Secondary filter 
19. Emission cart 
20. Laboratory exhaust fan 
Figure 3.2 Dilution system of particulate measurement 
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A 90° elbow of 60 cm exhaust pipe introduced the engine exhaust gas into the pri-
mary dilution tunnel. The elbow, which faces downstream, was used to direct the exhaust 
gas into the center of the dilution tunnel to ensure even mixing of the exhaust gas with the 
dilution air. A 20 cm diameter orifice was installed in the dilution tunnel at the point of 
entry of the exhaust gas, which increased the flow velocity and turbulence of the dilution 
air. A high volume ceiling exhaust fan was located at the dilution tunnel exit. The fan was 
turned on to ventilate the laboratory whenever the dilution tunnel was operated. 
3.2.2 Dilution air system 
Dilution air was provided by an Ingersoll-Rand Centac II two-stage air compressor that 
developed an outlet gauge pressure of 620 kPa. The controller of the air compressor main-
tained the pressure within ± 7 kPa of the set point. The compressed air was introduced into 
the primary dilution tunnel through a 5 cm diameter pipe, and the flow rate of dilution air 
was controlled by a baU valve (shown in Figure 3.2). A standard in-line air filter and a 
smooth-edged orifice were also installed behind the valve. A Viatran model 141 pressure 
transducer and a thermocouple were located between the air filter and the orifice. The dilu-
tion air flow rate was determined by measuring the pressure and temperature of the com-
pressed air on the upstream side of the orifice and using a calibration equation to determine 
the mass flow rate. The in-line air filter was instaUed to ensure that particles present in the 
dilution air did not enter the tunnel. A test conducted to determine the significance of parti-
cles in the dilution air is described in Appendix C. 
An air-exhaust muffler was fitted to the end of the compressed air line to reduce the 
noise which was produced by the uncontrolled expansion of the dilution air when it entered 
the dilution tunnel. The dilution ratio of the tunnel could be varied widely. The definition 
of dilution ratio was the ratio of dilution-air mass flow rate to exhaust mass flow rate. The 
maximum dilution air flow rate that could be achieved was 0.744 kg/s. The flow rate of the 
engine exhaust was 0 .058 kg/s for light-load at 1400 rpm to about 0.066 kg/s for full-load at 
1400 rpm. Therefore, the dilution ratios for light-load and full-load at 1400 rpm were 12.76 
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and 11.16, respectively. 
The secondary dilution air system could provide additional air to the diluted exhaust 
that came from the primary dilution tunnel. The flow rate of the secondary dilution air 
could be determined by measuring the pressure and temperature upstream of a choked ori-
fice with a Viatran Model 141 pressure transducer and a thermocouple. Because the pri-
mary dilution tunnel was able to maintain the diluted exhaust gas temperature below that 
specified by the EPA, the secondary diJ.ution air system was not operated during this experi-
ment. 
3.2.3 Parti.culate sampling system 
Figure 3.3 shows a schematic diagram of the particulate sampling system. The particu-
late sampling system consists of ball valves, a filter holder, a sampling pump, a gas meter 
with a frequency counter, a by-pass valve, a vacuum gage and a vacuum pump. Ball valve 
3 was opened when the experiment started, and closed at the end of the test to keep the di-
luted exhaust gas out of the system between tests. The secondary dilution tunnel which 
could increase the dilution ratio was located upstream of the filter holder. However, as 
mentioned above, there was no need to operate the secondary dilution tunnel for the tests 
conducted in this study. The filter holder was used to support a primary filter and a backup 
filter. The distance between these two filters was 8.9 cm, and a thermocouple was mounted 
between them to monitor the temperature in the filter holder during sampling. A second 
thermocouple was located at the inlet to the gas meter so the density of the sample flow 
could be computed. 
The electronic counter, attached to the Roots sample flow meter, was capable of display-
ing the total amount of gas that had passed though the sampling system during the test as 
well as the instantaneous flow rate. The sampling pump had a by-pass line with a valve that 
was adj usted manually to keep the flow rate of particulate sample constant during the test. 
This was necessary because the sample flow rate would drop as the filters became loaded 
with particulate. The vacuum pump was used to test the system for leaks. The leak test des-
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l 2 
1. Primary dilution tunnel 9. Ball valve 3 
2. Particulate sampling probe 10. ROOTS meter 
3. Ball valve 1 11. Thermocouple 
4. Thermocouple 12. Frequency counter 
5. Filter holder 13. By-pass valve 
6. Ball valve 2 14. Vacuum gage 
7. Secondary dilution air 15. Ball valve 4 
8. Sample pump 16. Vacuum pump 
Figure 3.3 Particulate sampling system 
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cribed in Appendix E was conducted at the start of this project. 
The filters used to collect the particulate sample in this project were 110 mm Pallflex 
T60A20 filters. The particulate sample volume flow rate was chosen to be 3.3xl0-3 m3/s (7 
ft3/min.) in order to collect at least 10 mg of particulate matter on the filters to minimize 
the impact of errors in filter weighing. 
3.2.4 Particulate weighing chamber 
A temperature and humidity controJled weighing chamber, 915x760x790 mm, was used 
to weigh and store the filters during the study. Compressed air was passed through an oil 
removal fil ter and diffused into the weighing chamber to control the humidity. The tem-
perature in the chamber was maintained within ± 2 K of 298 K, and the relative humidity of 
the chamber was maintained within± 3% of 30%. 
A Mettler Model AE240 analytical balance with a reproducibility of 20 micrograms and 
a readability of 10 micrograms was placed inside the weighing chamber. There were also 
two shelves in the weighing chamber. One of them was covered with metal screen to 
ground any electrostatic charge on the filter surface. The effect of electrostatic charges on 
the weighing process is described in Appendix G. 
3.2.5 Soluble hydrocarbon extractor and solvent 
The particulate filters were Soxhlet extracted with methylene chloride in a fume hood. 
There were two Pyrex Soxhlet extractors using 125 ml flasks at the bottom, and Allihn type 
condensers at the top. During extraction, the particulate filter was contained in an 80x25 
mm extraction thimble. Two ElectromantJe heaters heated the flasks and maintained a con-
stant solvent temperature. The solvent used in this test was methylene chloride which is the 
most common solvent for this purpose [22, 29]. Appendix G discusses the solubility of 
methylene chloride with hydrocarbon fuels . 
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3.2.6 Equipment for measuring gaseous emissions 
The gaseous emission sampling system is shown in Figure 3.2. A portion of the engine 
exhaust gas was drawn directly from the engine exhaust pipe with a vacuum pump. Two 
filters were located in the sampling system to remove solid particles from the sample gas to 
protect the equipment from damage. One of them was a 110 mm Whatman paper filter, the 
other was a 47 mm Gelman Sciences glass fiber filter. The sampling pump and a desiccant 
dryer were located between them. Although a vacuum pump was used to move the sample 
through the system, the pressure of the gaseous emission sampling system was above at-
mospheric for all test conditions. This was because the exhaust sample was drawn before 
the turbocharger where the pressure was above atmospheric. The lowest pressure corre-
sponding to 20% of full load at 1400 rpm was about 8 kPa gauge, and the highest corre-
sponding to 100% of full load at 1400 rpm was 13 k.Pa gauge. Therefore, there was no 
chance for air to leak into the sampling system to dilute the engine exhaust gas. 
The concentrations of carbon monoxide and carbon dioxide in the engine exhaust gas 
were measured with two Beckman Model 864 infrared analyzers. The concentrations of ni-
tric oxide and total oxides of nitrogen were determined with a Beckman Model 955 
NO/NOx analyzer. The unburned hydrocarbon in the exhaust gas was measured with a 
Beckman Model 402 heated flame ionization detector hydrocarbon analyzer, and the oxy-
gen concentration was measured with a Beckman Model 7003 poJarigraphic oxygen moni-
tor. 
The samples of exhaust gas to the hydrocarbon analyzer and to the NO/NOx analyzer 
were kept at 450 K with a heated line as they were transported from the engine exhaust pipe 
to the analyzers . The heated exhaust gas was based on the wet sample without passing 
through the dryer, but the measurements of CO, C02 and 0 2 were dry samples. 
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3.3 Fuels 
Five fuels were selected as the base fuels for this study, methyl ester of soybean oil 
(termed MS), iso-propyl ester of soybean oil (IP), winterized methyl ester of soybean oil 
(WME), high sulfur No.2 diesel fuel (DH) and low sulfur No.2 diesel fuel (DL). Blends of 
those fuels were also tested as shown in Table 3.3. For convenience, abbreviations for the 
fuels are used in the thesis and are also listed in Table 3.3. 
Table 3 .3 Tested fuels 
Fuels Abbreviation 
High sulfur No.2 commercial diesel DH 
20% ME soyate + 80% DH 20%MS+DH 
50% ME soyate + 50% DH 50%MS+DH 
70% ME soyate + 30% DH 70%MS+DH 
Low sulfur No.2 commercial diesel DL 
20% IP soyate + 80% DL 20%IP+DL 
50% IP soyate + 50% DL 50%IP+DL 
20% ME soyate + 80% DL 20%MS+DL 
50% ME soyate + 50% DL 50%MS+DL 
20% WME soyate + 80% D L 20%WMS+DL 
50% WME soyate + 50% DL 50% WMS+DL 
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Because of limited fuel storage capacity, it was not possible to use the same diesel fuel 
for all tests. The initial series of tests on methyl soyate were conducted on a diesel fuel 
containing 0.24% sulfur, which was designated "high sulfur" diesel fuel. After October 1, 
1993, the EPA mandated that this fuel could no longer be used for on-highway applica-
tions. 
After the first test of methyl soyate, low sulfur No.2 diesel fuel was purchased. Methyl 
ester of soybean oil was purchased from Interchem Environmental, Inc. , and iso-propyl es-
ter of soybean oil and winterized methyl ester of soybean oil were prepared by the Food 
Science Department at Iowa State University. The methyl ester was purchased from 
Interchem Environmental, Inc. in two batches, spaced about six months apart. However, 
subsequent testing has shown these two batches to be virtually identical so they will not be 
identified separately. 
3.4 Data Acquisition System 
An Analog Devices RTI-820 board was used to acquire the emission data from the 
emission analyzers. The RTI-820 board with a Zenith 386 computer scanned the emission 
signal channels every second, and the data were stored in the computer for analysis. The 
combustion pressure data were measured with a Kistler pressure transducer and acquired 
with an Analog Devices RTI-860 board. The pressure data were the average of the data of 
24 engine cycles. The engine crankangle signal was measured with a BEi incremental shaft 
encoder. 
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4. EXPERIMENTAL PROCEDURES AND DATA ANALYSIS 
This chapter wjil discuss the experimental procedures used in this study. The first sec-
tion will discuss the production of the fuels. The engine test procedure and test schedule are 
described in sections two and three. The soluble hydrocarbon extraction is presented in the 
fourth section. The last section will discuss data analysis. 
4.1 Preparation of Fuels 
The iso-propyl ester of soybean oil and winterized methyl ester of soybean oil were 
produced in the Food Sciences Department of Iowa State University. Although this work 
was not the responsibi lity of the author of this thesis, it is an important part of the project 
and will be briefly discussed. 
4.1.1 Preparation of iso-propyl ester of soybean oil 
To encourage the transesterification reaction of soybean oil with iso-propyl alcohol, a 
catalyst must be present during the reaction. Fresh catalyst was produced for each batch of 
fuel produced. The catalyst was synthesized by putting 18.4 g of sodium into 400 ml of 
iso-propyl alcohol which produced about 400 ml of (CH3)2CHONa for one batch of proc-
essing iso-propyl ester of soybean oil. The corresponding chemical reaction equation is 
Na+ CH3-CH-CH3--> CH3-rH-CH3+ 0.5H2 
6H 6-Na 
(4-1) 
Then, 6 kg of soybean oil and 4.95 kg of iso-propyJ alcohol (the mole ratio is 1: 12) were 
mixed with the catalyst. After the mixture was stirred for 20 hours at room temperature, the 
products were allowed to separate into two phases. The top liquid was separated from the 
heavier material on the bottom. 4.2 g of acetic acid was added to the top liquid to lower its 
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pH value. The excess iso-propyl alcohol was removed from the iso-propyl ester by evapo-
ration. To be more acceptable as fuel for a diesel engine, the crude iso-propyl ester was 
"winterized" by cooling it to about 275 K for three days so that some of the long chain, 
high-melting point, saturated iso-propyl esters would crystallize. The iso-propyl ester was 
then filtered through a 200 mesh sieve and was ready for washing. The first wash step was 
to add 1.6% NaHC03 in water. After that, the iso-propyl ester was washed with water [3] . 
4.1.2 Production of winterized methyl ester of soybean oil 
A portion of the saturated (no double bonds) methyl esters will crystallize if it is cooled 
to sub-ambient temperatures. This causes problems when the ester is to be used as fuel be-
cause the fuel crystals may plug up the fuel filter. By separating the low-melting portions 
of the methyl ester of soybean oil, it may be possible to have better fuel properties than that 
of normal methyl ester of soybean oil. 
All of the winterized methyl ester used in this project was prepared in two batches. For 
each batch, 33.5 kg of methyl ester of soybean oil and 79.3 kg of hexane were mixed and 
placed into a large metal drum. The mixture was progressively cooled to 251.65 K, 248.15 
K and 244. 75 K for 4-7 days at each temperature. At the cold temperatures, the saturated 
methyl esters crystallized and settled to the bottom. After each cooling, the upper liquid 
fraction was separated from the lower crystalline fraction by decanting , and the liquid por-
tion was cooled again to the next lower temperature. After the third crystallization, the 
hexane was removed by evaporation [3]. 
4.2 Steady-state Engine Test Procedures 
The engine test procedures described below were largely dictated by the small amounts 
of fuel available for testing. There were four fuel groups and each of them included No.2 
diesel fuel for the purpose of comparison. The first test was canied out at two different 
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engine conditions: 20% of the maximum torque at 1400 rpm, and 100% of the maximum 
torque at 1400 rpm. Three different blend proportions of methyl ester and high sulfur No.2 
diesel fuel were used. Later tests of the iso-propyl ester, methyl ester (second test) and win-
terized methyl ester were only tested at one engine condition, 100% of full load at 1400 
rpm. The engine conditions and fuels are shown in Table 4.1 
At the beginning of each test day, all emission measurement equipment was calibrated 
with zero and span gases. The zero gas was usually compressed air, and the span. gases 
were different for each analyzer. The filters were weighed with the Mettler micro-balance 
after having been allowed to equilibrate in the weighing chamber for 48 hours. The weigh-
ing procedure is described in Appendix F. 
Before starting the engine, the primary dilution air was run through the dilution tunnel 
and the particulate sampling system for at least five minutes to keep the surfaces of the tun-
nel and the sampling system free of deposits that could remain from previous tests. 
When the engine was started, the speed and load were set at 1400 rpm and 100% rated 
load. After the engine reached the equilibrium operating conditions as indicated by stable 
coolant and oil temperatures, the computer program used to collected the emission data 
was started. The program could also be used to calculate the approximate dilution ratio 
when the primary dilution air pressure and temperature, the pressure drop of the intake air 
laminar flow element and the intake air temperature were entered. After two particulate 
sample filters were placed in the filter holder shown in Figure 3.3, the paiticulate sample 
transfer valve was opened, and the sampling pump was started. A stopwatch was also 
started at this time, and the weight of the fuel-supply tank was recorded. The electronic 
counter shown in Figure 3.3 displayed the instantaneous particulate sample flow rate. The 
emission program automatical ly recorded emission analyzer readings and the engine inlet-
air flow rate. During the test, the sampling pump bypass valve was manually adjusted to 
maintain the particulate sample flow rate within 3% of 0.1982 m3/min. (7ft3/min.). The 
data shown in Table 3.2, as well as the atmospheric pressure, the voltage of the pressure 
transducer in the dilution-air line and the engine coolant flow rate were also manually re-
corded. 
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Table 4.1 Fuel blends and engine test conditions 
Group one 
Group two 
Group three 
Group four 
1400 rpm 
l 00% of full load 
DH 
20%MS+DH 
50%MS+DH 
70%MS+DH 
DL 
20%IP+DL 
50%IP+DL 
DL 
20%MS+DL 
50%MS+DL 
DL 
20%WMS+DL 
50%WMS+DL 
1400 rpm 
20% of full load 
DH 
20%MS+DH 
50%MS+DH 
70%MS+DH 
The steady state tests were 15 minutes in length. The length was chosen so that the 
particulate filters could accumulate a sample of at least LO mg under the condition of 20% 
of full load. The measurement error of the Mettler micro-balance was ± 0.03 mg. There-
fore, for samples of at least this size, the error in each weighing is no greater than± 0.3%. 
The gaseous emission data of CO, HC, C02 and 0 2 were collected at one second inter-
vals for 12 minutes. Since NO and NOx could not be measured simultaneously, NOx was 
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recorded for the first six minutes, and NO for the second six minutes. After the emission 
data were taken, another program was used to record the combustion pressure in the cylin-
der. This program could record 24 engine cycles of pressure data with data taken every 
quarter degree of engine crankangle. The average of these 24 engine cycles was saved in 
the computer for further analysis. 
At the end of the tests, the particulate sampling pump was shut off, the sample line 
valve of diluted exhaust gas was turned off, and the test duration, the weight of the fuel-
supply tank and the total volume of particulate san1ple gas that passed through the sampling 
system were recorded. The filters were removed from the filter holders and placed in the 
weighing chamber for stabilization. The engine was then brought to another steady state 
condition according to the test schedule. After the engine had run at the given condition for 
at least 30 minutes to reach steady state, a new pair of particulate sampling filters were 
placed into the filter holder and the entire test procedure repeated. When the fuel was 
changed, the engine was run for one hour to clear all previous fuel out of the engine fuel 
system. At the end of the test day, the emission analyzers were calibrated again to check 
for any shift in response. 
The particulate sampling filters were weighed twice after equilibrating in the weighing 
chamber for 24 and 48 hours. The difference between the final weight and the weight be-
fore sampling was considered to be the particulate mass. 
4.3 Test Schedule 
At least three sets of data were collected for each engine condition and each fuel so that 
the repeatability of the tests could be investigated. The first test with methyl ester in high 
sulfur diesel fuel was carried out over three days under two different engine conditions, but 
the tests with iso-propyl ester, methyl ester (second test), and winterized methyl ester were 
each conducted during only one day at one engine condition due to the small amount of fuel 
that was available. Table 4.2 shows the test schedules for the six days of steady state tests. 
No.2 diesel fuel was used in each test as a reference fuel. The first three days of tests were 
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Table 4.2 Test Schedules 
DAY ONE TEST 
Speed Load Fuel Time Comment 
rpm % of full load Period 
1400 100 DH l hour warm up 
1400 100 DH 15 min. collecting data 
1400 20 DH 30 min. s ta bi lizati on 
1400 20 DH 15 min. collecting data 
1400 100 20%MS+DH 1 hour clearing 
1400 100 20%MS+DH 15 min. collecting data 
1400 20 20%MS+DH 30 min. stabilization 
1400 20 20%MS+DH 15 min. collecting data 
1400 100 50%MS+DH l hour clearing 
1400 100 50%MS+DH 15 min. collecting data 
1400 20 50%MS+DH 30 min. stabilization 
1400 20 50%MS+DH 15 min. collecting data 
1400 100 70%MS+DH l hour clearing 
1400 100 70%MS+DH 15 min. collecting data 
1400 20 70%MS+DH 30 min. stabilization 
1400 20 70%MS+DH 15 min. collecting data 
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Table 4.2 (continued) 
DAY TWO TEST 
Speed Load Fuel Time Comment 
rpm % of full load Period 
1400 20 70%MS+DH 1 hour warm up 
1400 20 70%MS+DH 15 min. collecting data 
1400 100 70%MS+DH 30 min. stabilization 
1400 100 70%MS+DH 15 min. collecting data 
1400 20 50%MS+DH 1 hour clearing 
1400 20 50%MS+DH 15 min. collecting data 
1400 100 50%MS+DH 30 min. stabilization 
1400 100 50%MS+DH 15 min. collecting data 
1400 20 20%MS+DH 30min. clearing 
1400 20 20%MS+DH 15 min. collecting data 
1400 100 20%MS+DH 30 min. stabilization 
1400 100 20%MS+DH 15 min. collecting data 
1400 20 DH 30 min. clearing 
1400 20 DH 15 min. collecting data 
1400 100 DH 30 min. stabilization 
1400 100 DH 15 min. collecting data 
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Table 4.2 (continued) 
DAY THREE TEST 
Speed Load Fuel Time Comment 
rpm % of full load Period 
1400 100 DH 1 hour warm up 
1400 100 DH 15 min. collecting data 
1400 20 DH 30 min. stabilization 
1400 20 DH 15 min. collecting data 
1400 100 20%MS+DH l hour clearing 
1400 100 20%MS+DH l5 min. collecting data 
1400 20 20%MS+DH 30 min. stabilization 
1400 20 20%MS+DH 15 min. collecting data 
1400 100 50%MS+DH 1 hour clearing 
1400 100 50%MS+DH l5 min. collecting data 
1400 20 50%MS+DH 30 min. stabilization 
1400 20 50%MS+DH l5 min. collecting data 
1400 100 70%MS+DH 1 hour clearing 
1400 100 70%MS+DH 15 min. collecting data 
1400 20 70%MS+DH 30 min. stabilization 
1400 20 70%MS+DH 15 min. collecting data 
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Table 4.2 (continued) 
DAY FOUR TEST 
Speed Load Fuel Time Comment 
rpm % of full Joad Period 
1400 100 DL l hour warm up 
1400 100 DL 15 min. collecting data 
1400 100 20%IP+DL 45 min. clearing 
1400 LOO 20%IP+DL 15 min. collecting data 
1400 LOO 50%IP+DL 45 min. clearing 
1400 100 50%IP+DL 15 min. collecting data 
1400 LOO DL 1 hour warm up 
1400 100 DL 15 min. collecting data 
1400 LOO 20%IP+DL 45 min. clearing 
1400 LOO 20%IP+DL 15 min. collecting data 
1400 100 50%IP+DL 45 min. clearing 
1400 100 50%IP+DL 15 min. collecting data 
1400 100 DL 1 hour clearing 
1400 100 DL 15 min. collecting data 
1400 LOO 20%IP+DL 45 min. clearing 
1400 LOO 20%IP+DL 15 min. collecting data 
1400 100 50%IP+DL 45 min. clearing 
1400 100 50%IP+DL 15 min. collecting data 
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Table 4.2 (continued) 
DAY FIVE TEST 
Speed Load Fuel Time Comment 
rpm % of fuJl load Period 
1400 100 DL l hour warm up 
1400 100 DL 15 min. collecting data 
1400 100 20%MS+DL 1 hour clearing 
1400 100 20%MS+DL 15 min. collecting data 
1400 100 50%MS+DL 1 hour clearing 
1400 100 50%MS+DL 15 min. collecting data 
1400 100 DL 1 hour warm up 
1400 100 DL 15 min. collecting data 
1400 100 20%MS+DL L hour clearing 
1400 100 20%MS+DL 15 min. collecting data 
1400 100 50%MS+DL 1 hour clearing 
1400 100 50%MS+DL 15 min. collecting data 
1400 100 DL l hour clearing 
1400 100 DL 15 min. collecting data 
1400 100 20%MS+DL 1 hour clearing 
1400 100 20%MS+DL 15 min. collecting data 
1400 100 50%MS+DL l hour clearing 
1400 100 50%MS+DL L5 min. collecting data 
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Table 4.2 (continued) 
DAY SIX TEST 
Speed Load Fuel Time Comment 
rpm % of full load Period 
1400 100 DL l hour warm up 
1400 100 DL 15 min. collecting data 
1400 100 20%WMS+DL 30 min. clearing 
1400 100 20%WMS+DL 15 min. collecting data 
1400 100 50%WMS+DL 30 min. clearing 
1400 100 50%WMS+DL 15 min. collecting data 
1400 100 DL I hour warm up 
1400 100 DL 15 min. collecting data 
1400 100 20%WMS+DL 30 min. clearing 
1400 100 20%WMS+DL 15 min. collecting data 
1400 100 50%WMS+DL 30 min. clearing 
1400 100 50%WMS+DL 15 min. collecting data 
1400 100 DL 1 hour clearing 
1400 100 DL 15 min. collecting data 
1400 100 20%WMS+DL 30 min. c learing 
1400 100 20%WMS+DL 15 min. collecting data 
1400 100 50%WMS+DL 30 min. clearing 
1400 100 50%WMS+DL 15 min. collecting data 
44 
based on djfferent proportions of methyl ester to rugh sulfur No.2 diesel fuel under the ame 
engine speed, but with two different loads, l 00% and 20% of full load. Each day at the 
beginning of the test, the engine was run for one hour to warm up and stabilize. 
As shown in Table 4.2, the day one tests were a variety of load and fuel combinations at 
1400 rpm. Diesel fuel was supplied to the engine at 100% of full load for one hour to 
warm up the engine. After the engine reached steady state, a 15 minute period was u ed to 
collect the emission data. Then, the engine was changed to 20% of full load at the same 
speed and the engine was run for 30 minutes to stabilize and 15 minutes for the actual test. 
After these two test conditions, the fuel was changed. The fuel blend identified as 
20%MS+DH was supplied to the engine, and the same conditions were repeated. Follow-
ing that, the fuels were changed to the blend of 50%MS+DH, and 70%MS+DH. The 
schedule for day two tests used the same engine conditions and the same fuels, but the test 
order was reversed from the day one test. On day three, day one tests were repeated to 
check the reproducability of the tests. 
On test days 4 to 6, low uJfur No.2 diesel fuel was used as the reference fuel. The fuels 
wruch were tested on day four were No.2 diesel (DL), 20%IP+DL and 50%IP+DL. Only 
one engine condition was used in this test, 1400 rpm and 100% of full load. The choice of 
test condition was based on the amount of fuel available, since only 8 gallons of iso-propyl 
ester were available. The shortage of fuel also dictated a shorter period of operation be-
tween fuels , but it is still believed to have been adequate to purge the system. 
After the emission data of No.2 diesel fuel was recorded, the engine was run for 30 
minutes at 1400 rpm and 100% of full load to sruft to 20%IP+DL. Then, the particulate 
sample was taken fo r 15 minutes. For 50%IP+DL, the test followed the same procedure. 
After these three fuels were tested, the engine was fueled with No.2 diesel fuel for one hour 
and the same test procedure was repeated two more times in the same day. 
To compare the effects of methyl ester and iso-propyl ester when blended with the same 
No.2 diesel fuel, the methyl ester was blended with the low sulfur No.2 diesel fuel , cmd 
tested following the same procedure a that of the iso-propyl ester described above. 
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The winterized methyl ester was tested on day six. Because of the sma!J amount of 
winterized methyl ester available, the same test procedure described above for the i o-
propyl ester was used. 
4.4 Soluble Hydrocarbon Extraction 
The particulates that were sampled from the engine exhaust gas were not only solid 
carbon and sulfate emissions, but also included adsorbed and condensed hydrocarbons com-
monly termed the "soluble organic fraction (SOF)". To characterize the amount of soluble 
material , the particulate filters were extracted with methylene chloride to determine the pro-
portion of SOF in the particulates. 
After the particulate-loaded filter was stabilized in the weighing chamber for 48 hours, 
it was put into an extraction thimble and the fi lter and thimble were weighed together. 
Then, the thimble was placed in a Pyrex Soxhlet extractor. l 00 ml methylene chloride was 
poured into a flask at the bottom of the Soxhlot tube. After the power for the solvent heater 
was turned on, cooling water was passed through the top condenser. Each filter was ex-
tracted from 60 to 70 cycles (about 4 hours). 
The thimble with the extracted filter wa placed in a heated chamber for one hour after 
the last cycle was finished. The temperature in the chamber was kept about 315 K, which is 
just above the boiling point of methylene chloride to evaporate the solvent quickly and 
completely. The thimble and filter were then set in the weighing chamber for 48 hours. At 
the end of that period, they were weighed. The difference in the weight before extraction 
and after extraction was considered to be the mass of SOF. 
4.5 Data Analysis 
To compare the emission levels and fuel economy among these fuels, the data should be 
converted to the units of g/kW-br, known as a "brake specific" basis. This requires the de-
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velopment of a balanced chemical equation for the combustion reaction. This equation re-
quires a chemically-correct expression for the fuel. This section will discuss how to deter-
mine the average "pseudo-molecular weight" of methyl and iso-propyl esters of soybean oil, 
the equivalent chemical formula, and the heating value of the fuel blends. Further, since the 
humidity of the inlet air has an effect on the amount of oxide of nitrogen formed during 
combustion [66] , a humidity correction was appUed to the measured oxide of nitrogen value 
to correct for variations in the inlet air humidity. Finally, heat release analysis was per-
formed to investi.gate the combustion process. The details of the data-reduction calculation 
are presented in this section. 
4.5.1 Calculation of molecular weight, equivalent chemical formula, and heating 
value 
It is often helpful to define an equivalent fuel molecule for fuels containing mixtures of 
many different compounds. It is possible to use ASTM tests for molecular weight such as 
D2502 and D2503 to determine the apparent molecular weight of the mixtures. Then, using 
measured values of the weight percentage of carbon and hydrogen, an equivalent fuel mole-
cule CxHy can be developed, that has the proper H/C ratio and apparent molecular weight. 
Standard techniques for measuring molecular weight of hydrocarbon are not appropriate 
for esters. Therefore, a "pseudo-molecular weight" is calculated using the approach nor-
mally used for ideal gases, of calculating the molecular weight as the mole fraction-
weighted average of the molecular weight of the constituents. The measured chemical 
composition of the commercial methyl ester of soybean oil and iso-propyl ester of soybean 
oil will be presented in Table 5.1. The average pseudo-molecular weight of both esters can 
be determined as: 
n 
M = L Yi x Mi (4-2) 
i=I 
where 
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M =average pseudo-molecular weight of ester. 
y i = mole fraction of component i in ester. 
Mi= molecular weight of component i in ester. 
n = the number of components in the ester. 
The equivalent chemical formula of the esters can be written as CxHyOz, where x, y and z 
represent equivalent carbon, hydrogen and oxygen atomic numbers in the ester. The values 
of x, y, and z can be calculated as follows: 
where 
n 
x = L Yi x Nci 
i=l 
n 
y = L Yi x NHi 
i=l 
n 
z = L Yi x Noi 
i=I 
N Ci = number of carbon atoms in component i . 
N Hi = number of hydrogen atoms in component i. 
N Oi =number of oxygen atoms in component i. 
(4-3) 
(4-4) 
(4-5) 
The chemical formula of diesel fuel can be calculated from the measured values of the 
average molecular weight and the hydrogen to carbon ratio. The results of tests from Phoe-
nix Chemical Laboratory, Inc. will be shown in Table 5.2. The chemical formula of diesel 
fuel is usually written as CxHy. The carbon number, x, and hydrogen number, y, can be ob-
tained by solving the linear equations: 
12.0lx + l.009y = Mdiesel ( 4-6) 
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12.0lx 
l .009y = Rc!H (4-7) 
where M diesel = average molecular weight of No.2 diesel fuel, and 
Rc!H =mass ratio of carbon to hydrogen in No.2 diesel fuel. 
For fuel blends of ester and No.2 diesel fuel, its pseudo-molecular weight can be ob-
tained as: 
where Mb = average pseudo-molecular weight of the fuel blends. 
yd = mole fraction of diesel in the fuel blend. 
ye =mole fraction of ester in the fuel blend. 
M = average pseudo-molecular weight of ester. 
(4-8) 
After determining the molecular weight and chemical formula of the ester and diesel 
fuel, the equivalent chemical formula can be obtained in the same way as discussed above. 
The equivalent chemical formula of the fuel blend is written as CxHyOz, where x, y and z 
represent the carbon, hydrogen and oxygen atom numbers, respectively. 
(4-9) 
where yd and ye = mole fraction of diesel and ester in the fuel blend. 
N Cd and N Ce= carbon atom numbers in diesel and ester. 
N Hd and N He = hydrogen atom numbers in diesel and ester. 
49 
N Od and N Oe =oxygen atom numbers in diesel and ester. 
The lower heating value of the fuel blend also is determined according to the mass 
fractions and lower heating value of the ester and diesel fuel in the blended fuels. 
4.5.2 Humidity calculation and correction factor for oxides of nitrogen 
The NOx humidity correction recommended by the Society of Automotive Engineers 
[67] requires the value of specific humidity of the inlet air (g fuO/kg of dry air). 
The specific humidity, H, is found from the following equations: 
where H = specific humidity (g lliO/kg of dry air). 
Pb = observed barometric pressure (kPa). 
P v =partial pressure of water vapor (k.Pa). 
(4-10) 
The partial pressu re of water vapor can be determined from Ferrel 's equation [68]: 
where 
(4-11 ) 
P = saturation pressure of water vapor at the wet bulb temperature (k.Pa). w 
T d =dry bulb temperature (°C). 
T w =wet bulb temperature (°C). 
A= experimentally derived constant, A= 3.67xl0-4(1 + 0.001 l52T w) 
The saturation pressure of water vapor at the wet bulb temperature is: 
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p w = 0. 6048346 + 4. 59058 x 10-2r w + 1. 2444 x 10-3~ + 3. 52248 x 10-57! + 
9. 32206 x 10-87! + 4. 18128 x 10-9~ 
which is a least-squares fit of Keenan and Keye's steam table [69]. 
The corrected oxides of nitrogen concentration can be calculated as [67]: 
[NO]corr = [NO]wet X ! 
where [NO]corr = corrected NO concentration (ppm). 
[NO] wet= measured NO concentration on a wet basis (ppm). 
k = 1+7A(H - 10.714) + l.8B(T- 29.444). 
A = 0.044(FIA) - 0.0038. 
B = -O.l 16(F/A)+0.0053. 
T = intake air temperature (°C). 
FIA =fuel-air ratio (dry basis). 
H = specific humidity (g H20/kg of dry air). 
4.5.3 Calculations of particulate emission level from measured values 
(4-12) 
(4-13) 
The total mass of particulates emitted by the engine during the test period is found 
from the following equation: 
mp= m5 X msample (4-14) 
where 
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mp = total particulate mass emitted during the test. 
ms = mass collected on the filters during the test. 
mdil exh =mass flow rate of diluted exhaust in the dilution tunnel. 
msample = mass flow rate of diluted exhaust which passed through the particu-
late sampling system. 
During the engine tests, the mass flow rate of the sample was held constant, and the 
sample temperature was measured just before the ROOTS flow meter. The sample flow 
rate was calculated as: 
(4-15) 
where P ... = particulate sample pressure at the ROOTS meter. Here P was assumed to 
J s 
be equal to atmospheric pressure (negligible pressure drop across the ROOTS 
gas meter) 
vs = volumetric flow rate of sample gas through the ROOTS meter. 
Rs = gas constant of sample which is assumed to be the same as air. 
Ts = sample temperature. 
The mass flow rate of diluted exhaust gas in the dilution tunnel is calculated by the 
equation: 
where 
fndi[ air + fnin air + mf (4-1 6) 
mdil air = mass flow rate of dilution air which was determined by the dilution 
air system calibration equation in Appendix B. 
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min air= mass flow rate of engine intake air measured by the laminar flow 
element. 
mt= fuel mass flow rate. 
4.5.4 Heat release analysis 
To investigate the combustion behavior of methyl and iso-propyl esters of soybean oil, a 
heat release analysis was performed. The theory behind the heat release combustion model 
used here can be found in Krieger and Borman [70]. The model simply computes an appar-
ent fuel burning rate from experimental pressure data. This model assumes thermodynamic 
equilibrium at each instant in the engine cylinder during combustion which means that the 
entire cylinder contains a homogeneous mixture of air an.ct combustion products at each in-
stant. Phenomena such as temperature gradients, pressure waves, nonequilibrium composi-
tion , fuel vaporization, mixing and so on are ignored in this model. 
The burning is assumed to take place incrementally as homogeneous combustion 
and acts as a uniformly distributed heat source. The equation of energy for the closed cylin-
der is written as: 
where 
d dV ~ . dM 
dt(Mu) =-Pdt + L.J Q + hfdt 
i 
M =total in cylinder fuel mass. 
u = internal energy of fuel. 
V = volume of cylinder. 
P = pressure in cylinder. 
hf = enthalpy of fuel. 
(4-17) 
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t= time. 
Q =heat transfer rate between combustion gas and cylinder well. 
It is convenient to use the following relationships to solve this equation 
where 
du = au aT + au ap + au aF 
dt aT at ap at aF at 
T = combustion gas temperature. 
F = equivalence ratio. 
R = gas constant. 
(4- 18) 
( 4-19) 
The internal energy and gas constant can be calculated from equilibrium considerations 
as functions of temperature, pressure and equivalence ratio [71]. The equivalence ratio at 
any instant is given by 
where 
F = Fo + c: - I ) (l:fo) 
0 JS 
~ = (;Z~) 
F 0 = initial equivalence ratio. 
fo =initial fuel-air ratio. 
fs = stoichiometric fuel-air ratio. 
dM 
dt 
(4-20) 
(4-21) 
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M0 = initial mass in the cylinder. 
The equation of energy can thus be solved for the apparent fuel burning rate 
where 
I dM 
- RT dV _ au ap + _.!._ ~ • _ C(B) 
v dt ap at M L...J Q 
i 
M dt 
B = .!. dp 
p dt 
I iJR dp I dV 
R. op dt + v di 
(1 + fo)M 
D = fSMo 
(4-22) 
These equations can be solved numerically to obtain the fuel burning rate as a function 
of crankangle provided the initial values of mass in the cylinder and equivalence ratio are 
specified with the cylinder pressure supplied from experimental data. 
4.5.5 Statistical analysis 
Statistical analyses were performed on the data for engine performance and emissions 
among each fuel group using multi way analysis of variance (ANOV A) and multiple com-
parison method. Least significant difference (LSD) was used to determine whether or not 
there was a significant difference between each pair of fuels within a fuel group. A signifi-
cance level of 0.05 (95% confidence interval) was used for all ANOV A analyses. 
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5. RESULTS AND DISCUSSION 
The performance, combustion and emissions of a diesel engine fueled with methyl and 
iso-propyl esters of soybean oil are discussed in this chapter. Because fuel properties can 
affect engine emissions, the fust section will discuss the changes in fuel properties caused 
by blending methyl and iso-propyl esters with diesel fuel. In sections two and three, engine 
performance and exhaust emissions of the tested fuels will be examined. Heat release analy-
sis of the different fuels will be presented in the last section. 
5.1 Fuel Properties 
Table 5.1 shows the fatty acid compositions of the esters of soybean oil, and Table 5.2 
and 5.3 are the results of fuel property tests from Phoenix Chemical Laboratory, Inc. 
Petroleum-based diesel fuels have very different chemical structures from methyl and iso-
propyl esters of vegetable oils. Diesel fuel contains only carbon and hydrogen atoms. Most 
of these atoms are arranged in straight chain or branched chain structures called paraffin 
molecules. Some of the fuel also consists of circular rings of carbon atoms. These rings are 
called "cyclo-paraffins" if the carbons are connected by single carbon-carbon bonds. Some 
of the rings have a special type of bond connecting the carbons that is between a single and 
double bond and these molecules are called "aromatics". Diesel fuel can also have mole-
cules containing double bonds, called "olefins", but the olefins are not present in large 
amounts since they make the diesel fuel prone to oxidation during storage. 
Methyl and iso-propyl esters have a different chemical structure . The normal chemical 
structure of vegetable oils was shown in Figure 2.2. The fatty acids vary in their car-
bon chain length and in the number of double bonds. The large molecule size of the methyl 
or iso-propyl esters, the number of double bonds, the lack of aromatic compounds, the pres-
ence of oxygen in the molecules, and the Jow sulfur content suggest that some fuel proper-
ties will differ from those of diesel fuel. 
Fatty acid 
Laurie 12:0 
Myristic 14:0 
Palmitic 16:0 
Stearic 18:0 
Oleic 18: 1 
Linoleic 18:2 
Linolenicl 8:3 
56 
Table 5 .1 Compositions of the esters of soybean oil 
(by weight) 
Methyl ester Iso-propyl ester Winterized methyl ester 
Formula % Formula % Formula % 
C13H260 2 0.50 C1sH30Q2 0.00 C1JH260 2 0.00 
-
C1sHJo0 2 0.50 C11H340 2 0.00 C1sH3o0 2 0.00 
C11H340 2 12.00 C19H3s0 2 10.98 C11H34Q2 4.13 
C19HJs0 2 4.00 C21H42Q2 3.79 C19fus0 2 1.06 
Ct9H360 2 25.00 C21H40Q2 20.35 Ct9H360 2 22.41 
C19H3402 52.00 C21lbs02 55.89 C19H34Q2 62.23 
C19H32Q2 6.00 C21 H360 2 8.99 C19H32Q2 10.17 
As shown in Table 5.1, palmitic (16:0) and stearic (18:0) are the two most common 
saturated fatty acids in the esters of soybean oil. The methyl ester of soybean oil also con-
tained a small amount of !auric (12:0) and myristic (14:0) fatty acids. Linoleic (18:2) was 
the most common unsaturated fatty acid in those fuels. All of the esters of soybean oil con-
tained some oleic (18:1) and linolenic (18:3) fatty acids. 14.65% (by wt.) of the methyl es-
ter, 14.77% of the iso-propyl ester and 5.19% of the winterized methyl ester were made up 
of saturated fatty esters, . The lower amount of saturated species in the winterized methyl 
ester of soybean oil provided better cold flow properties. The results shown in Table 5.2 
and 5.3 will be discussed as the individual fuel properties are compared later in this section. 
The soybean oil esters do not contain any aromatic molecules. Thus, they have the 
effect of decreasing the concentration of aromatic compounds in the blended fuels. Lower 
concentrations of aromatics in fuels can have significant effects on engine emissions and 
combustion performance. The effects of the aromatic compounds in diesel fuel on emis-
sions have been studied by several researchers. Ryan et al. [72], UlJman et al. [73] and 
McCarthy et al. [74] reported that particulate and NO" emissions increased when the con-
centration of aromatics increased in diesel fuel. Tosaka et al. [75] also found particulate 
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Table 5.2 Pure fuel properties 
Fuel DH DL 100%MS 100%IP 100%WMS 
Cetane number 46.3 47.4 59.0 52.6 51.9 
Average molecular weight 198.00 195.00 - - -
API Gravity @60 F 34.9 33.5 - - 28.1 
Carbon % 86.46 86.4 1 78. 16 78.48 77.99 
Hydrogen % 13.32 12.97 12.06 12.21 11.39 
C/H ratio 6.49 1 6.662 6.48 1 6.428 -
Sulfur % 0.24 0.045 0.020 0.02 1 0.0 12 
Ash % 0.000 0.00 1 - - -
HHV kl/kg 45360.46 45330.22 39724.42 39982.61 39828.10 
LHV kJ/k:g 42534.30 42577.99 37165.29 37391.65 37411 .04 
Hydrocarbon types, FIA % (v/v) 
Paraffins 53.8 60.3 - - -
Olefin s 2.5 0.5 - - -
Aromatics 43 .7 39.2 - - -
Viscosity @40°C, cs 2.6 1 3.65 - - -
Distillation (ASTM D86) 
Initial boiling point K 455 452 - - -
5% recovery K 477 472 - - -
10% recovery K 488 483 - - -
20% recovery K 503.15 500 - - -
30% recovery K 515 5 12 - - -
40% recovery K 526.48 524 - - -
50% recovery K 538 535 - - -
60% recovery K 548 546 - - -
70% recovery K 560 558 - - -
80% recovery K 573 569 - - -
90% recovery K 589 588 - - -
95% recovery K 601 599 - - -
End point K 615 618 - - -
Recovery% 98.0 98.0 - - -
Residue % 1.9 1.9 - - -
Loss% 0.1 0. 1 - - -
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Table 5.3 Cetane number of tested fuels 
Fuels Cetane No. 
DH 46.3 
DL 47.4 
20%MS+DH 51.1 
50%MS+DH 54.2 
70%MS+DH 57.2 
100%MS 59.0 
20%MS+DL 50.6 
50%MS+DL 53.4 
20%IP+DL 49.3 
50%IP+DL 50.6 
100%IP 52.6 
20%WMS+DL 49.0 
50%WMS+DL 48.9 
100%WMS 51.9 
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emissions rose with increasing content of aromatics in diesel fuel. 
As the concentrations of methyl or iso-propyl esters were changed, the properties of the 
fuel blends changed also. Table 5.4 shows the calculated fuel properties of molecular 
weight, heating value, and equivalent chemical formula for the fuel blends. 
The concept of a pseudo-molecular weight, calculated based on the mole-fraction-
weighted average of the molecular weights of the constituents was presented in Chapter 4. 
The pseudo-molecular weight of the fuel blends increased with increasing concentration of 
methyl or iso-propyl ester due to the long carbon chain species in those fuels. Pure winter-
ized methyl ester had a heavier pseudo-molecular weight than methyl ester because some 
saturated compounds with lighter molecular weight, such as palmitic (methyl palmitate 
16:0) and stearic (methyl stearate 18:0) had be removed. Comparing the percentage of car-
bon and hydrogen between the results from Phoenix Chemical Laboratory, Inc. and that cal-
culated from gas chromatograph measurements of the composition, shows very little differ-
ence. The lower heating value of the fuel blends decreased with increasing content of 
methyl or iso-propyl ester due to the smaller lower heating value of the ester. 
The cetane numbers of the fuel blends were measured by Phoenix Laboratory, Inc., 
and are shown in Table 5.3 and plotted in Figure 5.1. Cetane number is a measure of the 
ignition quality of the fuel. Ignition quality is dependent on a number of factors such as 
molecular weight, fuel structure (straight-chain vs. branched-chain), volatility and chemical 
structure (the numbers of double bonds). The cetane number of all fuel blends was im-
proved with increasing concentration of the fatty esters of soybean oil. As will be discussed 
later, the engines experienced a decrease in ignition delay when the cetane number was in-
creased. The longer the straight carbon chains and the lower the concentration of aromatic 
compounds in the fuel, the higher the cetane number. The pure methyl and iso-propyl es-
ters of soybean oil and their mixtures with cLieseJ fuel have these characteristics. However, 
the esters also contain carbon-carbon double bonds that are highly susceptible to attack by 
oxygen as well as weaker bonded racLicals such as -CH3 and -CH(CH3)2. There are two pos-
sible explanations for why the esters have higher cetane numbers. During reaction, double 
bonds need lower energy to react. Another reason is that the cleavage of the weakly bonded 
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Table 5.4 Calculated properties of fuels 
Fuel Formula 
DH C14.29H26.22 
100%MS cl 8.68fu4.460 2 
20%MS+DH Ct 4.92H21A20 o.29 
50%MS+DH c I 6.06H29.5S0 0.8 I 
70%MS+DH C 16.98H31.2101.2J 
DL Ct 4.0JH2s.09 
20%MS+DL C 14.71 H26.4s0 0.29 
50%MS+DL C 1s.90H2s.ssOo.s 1 
100%IP C20. 16HJs.J10 2 
20%IP+DL Ct 4.92H26.ssOo.26 
50%IP+DL C 16.ssHJo. 1200.16 
100%WMS C 1 s.91 H34.2s0 2 
20%WMS+DL C 14.12H26.400o.2s 
50%WMS+DL C 1 s.9sH2s.160 o.so 
1 Pseudo-molecular weight. 
2Lower heating value. 
3Stoichiometric air-fuel ratio. 
M.W. 1 Co/a Ho/a 0 % 
by wt. by wt. by wt. 
198.004 86.46 13.32 0.00 
291.28 77.02 11 .93 10.99 
2 L 1.55 84.70 13.07 2 .19 
235.75 81.82 12.63 5 .50 
255.21 79.91 12.35 7 .71 
195.004 86.41 12.97 0.00 
208.99 84.53 12.76 2.22 
233.61 81.74 12.45 5.55 
320.06 77.90 12.08 10.00 
211.53 84.71 12.79 1.97 
242.35 82.16 12.53 5.02 
293.69 77.33 11.77 10.90 
209.05 84.57 12.73 2.14 
234.38 81.88 12.37 5.46 
LHV2 
MJ/kg 
42.53 
37. 17 
41.46 
39.85 
38.68 
42.58 
41.50 
39.87 
37.39 
41.54 
39.99 
37.41 
41.54 
39.99 
4Actual molecular weight measured by Phoenix Chemical Laboratory. 
A/Fswich.3 
14.52 
12.46 
14 .11 
13.49 
13.08 
14.45 
14.05 
13.45 
12.65 
14.09 
13.55 
12.44 
14.05 
13.44 
alcohol radicals occurs easily. Both reasons may be reducing the ignition delay by lowering 
the self-ignition temperature of the fuels. The pure methyl ester of soybean oil had the 
highest cetane number, 59.0. l 00% iso-propyl ester of soybean oil had a lower cetane num-
ber than methyl ester of soybean oil because of the branched-chain in the iso-propyl radical. 
The proportion of oxygen in the fuel increased with increasing concentration of soybean 
oil esters. The presence of oxygen in the fuel probably contributes to the observed reduc-
tion in particulate emissions and other products of incomplete combustion such as carbon 
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Figure 5.1 Cetane number of fuels 
monoxide and unburned hydrocarbon. 
The lower heating value of methyl, iso-propyl and winterized methyl esters of soybean 
oil was approximately 12.7%, 12.2% and 12.1 % (based on mass) lower than No.2 diesel 
fuel, respectively. The lower heating value of the iso-propyl ester is slightly greater than 
the methyl ester (0.6%). This is due to the molecule of iso-propyl ester having two more 
carbon atoms and four more hydrogen atoms than the methyl ester. 
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5.2 Engine Performance 
This section will discuss the impact of the soybean oil esters on the engine 's power and 
fuel consumption. The tested fuels were divided into four groups distinguished by the three 
different ester fuels and with methyl ester being compared with both high and low sulfur 
diesel fuels. Each fuel group included the diesel fuel itself as a reference fuel. Table 5.5 
presents engine performance results that are the average of three tests for each fuel. They 
were analyzed statistically. The alphabetical superscripts shown in Table 5.5 indicate 
whether the change in that quantity is different from the other values by a statistically sig-
nificant amount at the 95% level of significance. For example, the values of bsfc for DH 
and 20%MS+DH are different, but the fact that both have a superscript of "a" indicates the 
change is not statistically significant. For 50%MS+DH, the Bsfc has a superscript of "b" so 
it is considered to be different from the reference fuel or any fuel with a different super-
script. Since the energy per unit mass of the fuel blends was lower than No.2 diesel fuel, 
the brake power decreased and the brake specific fuel consumption increased. Figures 5.2 
and 5.3 show the relationship of engine brake power and engine brake thermal efficiency 
for different blend fuels at the steady state test conctition of 1400 rpm and 100% of full load. 
Among the same fuel group, all of the 50% fuel blends had a significant drop in brake 
power compared with No.2 diesel fuel, and wi.th all of the 20% blend fuels. AH of the 20% 
blend fuels except 20%IP+DL had a significant decrease of brake power compared with 
No.2 diesel fuel. The maximum change in brake power at 1400 rpm and 100% of full load 
was 7.9% between DL and 50%IP+DL. 
Fuel blends except 20%IP+DL gave a slightly higher brake thermal efficiency than 
No.2 diesel fuel. The largest increase of brake thermal efficiency was 0.9% between 
20%MS+DH and DH. 20%IP+DL gave a 0.9% lower brake thermal efficiency. However, 
the differences were still not statistically significant. 
The brake specific fuel consumption (bsfc) of Lhe ester blends was higher than for No.2 
diesel fuel. The measured bsfc's of the tested fuels are shown in Figure 5.4. Since the ther-
mal efficiency was essentially constant for all of the ester blends, most of the increase in 
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Table 5.5 Results of engine performance under 1400 rpm and 100% of full load 1 
Bsfc Brake power Thermal 
Group Fuel efficiency 
g/kW hr kW % 
DH 227.9a 42.69a 37. 15a 
20%MS+DH 23 l.6a 42.12b 37.50a 
One 
50%MS+DH 242.7b 41.12c 37.22a 
70%MS+DH 249.0c 40.42d 37.29a 
DL 226.4a 42.9711 37.353 
Two 20%IP+DL 234.2b 41.643 37.41 a 
50%IP+DL 240.6c 39.59b 37.42a 
DL 226.4a 42.87a 37.35a 
Three 20%MS+DL 231.9b 42.36b 37.41 a 
50%MS+DL 241.2c 41.23c 37.43° 
DL2 228.311 43.30a 37.0411 
Four 20%WMS+DL2 233.7b 42.61 b 37.08a 
50%WMS+DL2 242.8c 41.52c 37.073 
1ln the same fuel group, after ANOVA, values within a column with different 
superscript letters are significantly different (probability<0.05). 
2Test after drive shaft changed. 
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Figure 5.3 Engine brake thermal efficiency for different fuel blends at 100% load 
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Figure 5.4 Brake specific fuel consumption for different fuel blends at 100% load 
bsfc can be attributed to the decrease in power discussed above. The highest increase of 
bsfc is 9.3% for the fuel 70%MS+DH. This was because the proportion of lower energy 
density fuel, methyl ester of soybean oil, was a maximum in this fuel blend. All fuel blends 
with 50% ester increased in bsfc significantly compared with No.2 diesel fuel. The 20% 
fuel blends also had a significant increase of bsfc for 20%MS+DH. For fuel blends with the 
same concentration of methyl or iso-propyl ester of soybean oil , the bsfc's were very close. 
As mentioned above, the lower heating value of the ordinary winterized methyl ester of 
soybean oil was about 12.7% and 12.1 % lower than No.2 diesel fuel , respectively, and the 
iso-propyl ester was about 12.2% lower. This is probably the most important reason why 
the fuel consumption was higher and the brake power was lower than for No.2 diesel fuel. 
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A decrease in power and an increase in brake specific fuel consumption when the diesel 
engine was fueled with esters of soybean oil has been observed by other researchers. 
Wagner et al. [8] fueled a diesel engine with methyl, ethyl and butyl esters of soybean oil, 
and reported that brake specific fuel consumption was 12% higher for all the esters than for 
the reference fuel , but the thermal efficiency was very similar among those tested fuels. 
5.3 Emissions of the Diesel Engine Fueled with Fuel Blends 
All emission data were collected under steady state test conditions of 1400 rpm. Two 
load conditions were considered: 100% of full load and 20% of full load. All measurements 
were replicated three times. Table 5.6 shows the average of emission results under the 
given test conditions. 
Between the test of MS+DL and WMS+DL, there was a period of more than one month 
due to a mechanical problem associated with the drive shaft connecting the engine and dy-
namometer. The drive shaft was changed before the tests were continued. A shift in the 
engine's baseline emissions was observed in the tests following this change. The particulate 
emissions increased substantially compared with the previous test. After the last test, all 
four fuel injectors of the diesel engine were removed and inspected. Carbon deposits were 
found around each of the four orifices of the injectors as shown in Figure 5.5. The deposit 
build-up may have affected the fuel spray, the formation of droplets and the air-fuel mix-
ture, causing poorer quality combustion. The change in combustion characteristics could 
lead to some of the observed changes in emissions and engine performance. This phenome-
non was observed by other researchers when they tested unmodified vegetable oils in diesel 
engines [40, 43, 44, 76, 77]. However, no reports have been found on th.e formation of car-
bon deposits on injector nozzles when the esters of vegetable oils were tested. Another pos-
sible reason for the changes is that soot deposits on the surface of the dilution tunnel from 
previous tests fell off during the test. Another problem may have been that the seal on the 
air filter in the compressed air line was poor due to excessive installation torque. Particles 
in the dilution air supply could have entered the dilution tunnel. Changing the drive shaft 
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Table 5.6 Emissions of tested fuels under 1400 rpm, 100% of full load 1 
Brake specific emissions g/k.W hr 
Fuel co HC NO NOx PM2 SOL3 SOF4 % 
Group one 
DH 2.36363 0.9700(\ l l .3069a 20.3711 a 0.5359a 0.4742a 11.52653 
20%MS+DH 2.2380ab 0.94083 l 1.2454a 20.50268 0.4619b 0.3946b 14.6059b 
50%MS+DH l.9845ab 0.8762b 11.1923° 20.39838 0.4031 c 0.2986c 25.8643c 
70%MS+DH 1.8718b 0 .8225c 11.64113 20.93903 0.3994c 0.270lc 32.3434d 
Group two 
DL 1.81143 0.77693 l l.45483 21.6089a 0.43143 0.36543 15.3 1158 
20%IP+DL 1.73418 0.5977b 12.2883b 23.3870b 0.3503b 0.2851 b 18.6161 a 
50%IP+DL l.6314a 0.55 17b 12.418l b 24.2174c 0.3106b 0.1633c 47.3233b 
Group three 
DL 1.973 13 0.62993 11.36393 20.94043 0.4331 n 0.36663 15.42723 
20%MS+DL 1.80953 0.64753 11 .35253 21.3401 3 0.39 l4b 0 .3200b 18.24233 
50%MS+DL 1.4731 b 0.5836a l l.3718a 2 1.69023 0 .3371 c 0.2375c 29.4806b 
Group four 
DL5 2.5827a 0.8849a ll.6175a 20. l502a 0 .5444a 0.47663 12.20 l 2a 
20%WMS+DL5 2.4377ab 0.805lb l l.4983a 2 1.3648b 0.4843b 0.4028b 16.5219b 
50%WMS+DL5 2.2861 b 0.6980c l l.403 l a 22.2658b 0.4495b 0.297 1c 33.7353c 
1In the same fuel group, after ANOV A, values within a column with different 
superscript letters are significantly different (probability<0.05). 
2Total particulate emissions. 
3Solid carbon emissions. 
4Soluble organic fraction . 
5Test after drive shaft changed. 
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was another possible reason for the experiment errors because the engine brake power and 
fuel consumption increased slightly for the same fuel. All of these potential error sources 
are being investigated. 
5.3.1 Carbon monoxide emissions 
Carbon monoxide (CO) is a natural intermediate product of hydrocarbon combustion. 
CO emissions are caused by the primary CO oxidation reaction CO + OH ----> C02 + H 
becoming too slow and freezing the CO concentrations well above the equilibrium level. 
The brake specific carbon monoxide emissions for the fuel blends are plotted in Figure 5.6. 
CO emission for all fuel blends was significantly lower than No.2 diesel. 50%MS+DL had 
the largest reduction of CO emission which was 25.3%. Esters may reduce CO by reduc-
ing the amount of CO formed in rich zones due to their oxygen content lowering the overall 
fuel-air ratio. 
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5.3.2 Unburned hydrocarbon emissions 
Figure 5.7 shows the brake specific unburned hydrocarbon (HC) emissions with differ-
ent fuel blends. In every case except one, the ester blends significantly lowered HC emis-
sions. The maximum reduction in HC emissions was 29.0% by fuel 50%IP+DL. In fuel 
group two, the results were mixed. 50%MS+DL had 7.4% lower HC emissions, but 
20%MS+DL gave a 2.8% increase compared with No.2 diesel fuel. However, neither of 
these changes were statistically significant. 
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Figure 5.7 HC emissions for different fuel blends at 100% load 
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5.3.3 Oxides of nitrogen emissions 
Figure 5.8 shows the results of brake specific NOx emission. Although emission of 
oxides of nitrogen was slightly h,igher than No.2 diesel fuel in fuel groups one and two, the 
increases in NOx emission were small . NOx emission of the 20% and 50% blend fuels in the 
other two fuel groups increased significantly. 50%IP+DL had 12. l % higher NOx than No.2 
diesel fuel which was the largest increase among the tested fuels. The fuel blends with 
methyl ester had the lowest increase ofNOxemission which was below 4.0%. Wagner et al. 
[8] observed increases in NOx emissions that were significantly greater for all esters than 
found in this study. Schumacher et al. [57] reported that NOx emissions tended to be lower 
when a diesel engine was fueled with l0-40% blends of methyl ester and No.2 diesel fuel. 
But 50% fuel blends increased NOx emissions under 100% of full load and at different en-
gine speeds. NOx level general ly increases under conditions of high temperature and lean 
operation where oxygen is present. Although the combustion temperature of the fuel blends 
was probably lower than for No.2 diesel fuel , due to the lower energy content of the ester, 
more oxygen was available in the reaction zone during combustion which caused the NOx 
level to rise. 
5.3.4 Particulate emissions 
Brake specific particulate emissions are shown in Figure 5.9. The largest reduction of 
particulate emissions was 28.0% which was produced by fuel 50%IP+DL. All fuel blends 
significantly improved particulate emissions compared to their No.2 diesel baselines. The 
50% blend fuels decreased particulate emissions at least 17.4% and the 20% blend fuels de-
creased particulate emission at least 9.6%. 20%IP+DL and 50%IP+DL had the best effects 
on decreasing particulate emissions. 20%WMS+DL was better on particulate reduction 
than 20%MS+DL, but 50%WMS+DL gave a better reduction than 20%MS+DL. 
The total particulate emissions consisted of soluble organic fraction and solid carbon. 
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To determine the proportion of each in the partjculate, all primary filter were Soxhlet ex-
tracted with methylene chloride for 60-70 cycles (about fou r hours). The brake specific 
solid carbon emissions are shown in Figure 5.10. 
The carbon emissions had the same trend as the particulate emissions. The largest re-
duction of carbon was from the fuel 50%IP+DL which was 55.3% lower than No.2 diesel 
fuel. All carbon emission levels of the fuel blends were significantly decreased compared 
with No.2 diesel fuel. 20%IP+DL aJ o was the lowe t carbon emission fuel among the 20% 
blend fuels and was 22.0% lower than No.2 diesel fuel. 
The percentage of soluble organic fraction in the particulates is shown in Figure 5.11. 
The soluble organic fraction increased wi th increasing proportion of e ter in the fuel 
blends. 50%lP+DL had the highest SOF wbkh was 47.3%. 20%IP+DL also had the hjgh-
est SOF among the 20% fuel blends wruch was 18.6%. The increase of SOF for 
50%1P+DL was 209.l % compared with No.2 diesel fuel. The increases of SOF for 
MS+DL were the lowest for the same percentage fuel blends. The content increase in SOF 
for the ester fuels was probably due to the long carbon chain molecules in the esters of soy-
bean oiJ. The unburned esters of soybean oil , which had lower volatility than No.2 die el 
fuel, were eas ier to condense and adsorb onto the soot surfaces during the dilution process. 
5.3.5 Light load emissions 
Only MS+DH was tested under the conditions of 1400 rpm and 20% of full load. The 
emi sion data that were collected at this light load condition revealed some differenl charac-
teri tics from that at I 00% of full load. Table 5.7 shows the average results of three repli-
cations of the tests and the statistical analysis. 
At light load, fuel blends of methyl ester also showed a slight reduction in CO emission. 
The brake specific CO emission is plotted in Figure 5.12. 50%MS+DH cut down 7.9% of 
CO emission which was the largest decrea e of CO emission among those blend fuels. 
However, the CO emission increased compared with the 20% and 50% fuel blends when 
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Table 5.7 Emissions of methyl ester and diesel fuel under 
1400 rpm and 20% of full load 1 
Brake specific emissions g/kW hr 
co HC NO NOx PM2 SOL3 
8.72523 6.05793 7.98073 14.47888 1.26363 0.1910ac 
8.4614a 5.l 837b 7.2481 a 14.15868 l.6764b 0.24768 
8.03723 4.5056c 7.90393 15.04283 2.1206c 0 .3775b 
8.3209a 4.0463d 8. 1913a 15.632?3 2.6869d 0.1258c 
SOF4% 
84.96703 
83.8631 a 
81.87763 
95.2868b 
1 After ANOV A, values within a column with different superscript letters are sig-
nificantly different (probability<0.05). 
2Total particulate emissions. 
3Solid carbon emissions. 
4Soluble organic fraction. 
the diesel engine was fueled with 70% blend fuel. All reductions of CO emission were not 
statistically significant. 
Figure 5.13 shows the data for brake specific unburned hydrocarbon emissions. All 
fuel blends revealed significant decreases of unburned hydrocarbon emissions compared 
with No.2 diesel fuel under light load conditions. The more methyl ester in the blend, the 
more reduction of HC emissions. The largest reduction in HC emissions was 33.2% and the 
smallest was 14.4% compared with No.2 diesel fuel. 
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Figure 5.14 presents the brake specific NOx emissions results. NOx emissions between 
No.2 diesel fuel and all the fuel blends did not show any statistically significant change al-
though 50%MS+DH and 70%MS+DH gave 3.9% and 8.0% increases, respectively. The 
NOx emissions from 20%MS+DH was 2.2% lower than for No.2 diesel fuel. 
The results of the particulate emissions from the fuel blends at 20% of full load were 
contrary to that observed at the full load condition. Figure 5.15 shows that the particulate 
emissions increased with increasing content of methyl ester. 20%, 50% and 70% blend fu-
els had 32.7%, 68.3% and 112.6% higher particulate emissions than No.2 diesel fuel. At 
light loads, hydrocarbon emissions are caused by fuel overmixing with air until it is beyond 
its lean flammability limit. Because the combustion temperature is lower under light load 
condition, most of this fuel will never burn. When the hydrocarbon in the exhaust gas is 
diluted with cold air in the dilution tunnel, more unburned hydrocarbon will condense and 
adsorb on the surface of the soot particles and cause an increase in particulate emissions. 
The increase in particulate emissions was caused by a large increase in the soluble or-
ganic portion of the particulates. Figures 5.16 and 5.17 show the specific solid carbon 
emissions and the percentage of soluble organic fraction in the particulates, respectively. 
Over 80% of the particulate mass is soluble organic material . When the concentration of 
methyl ester reached 70%, the percentage of soluble organic was 95.29. 70%MS+DH had a 
significant increase of SOF percentage compared with the other three fuels, but a 
much higher overal l amount emitted. However, the 20% and 50% methyl ester blends had 
about the same SOF percentage as the baseline diesel fuel, but a much higher overall 
amount emitted. 
The trend in the brake specific solid carbon emissions was opposite to that for the SOF 
with increasing methyl ester in the fuel blends. The carbon emission of 70%MS+DH was 
lower than No.2 diesel fuel. 20%MS+DH and 50%MS+DH had 29.6% and 97.6% higher 
carbon emissions than No.2 diesel fuel , respectively. 70%MS+DH was 34.1 % lower 
on carbon emissions. 
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5.4 Heat Release Analysis 
Heat release analysis and observation of the cylinder pressure trace allowed comparison 
of the combustion characteristics of the fuels. Heat release analysis was based on the com-
bustion pressure data that were collected during the tests. The theoretical bas is for these 
computations was discussed in Chapter 4. The burning rate shown in the plots for this sec-
tion is the instantaneous normalized mass burning rate; that is, the burning rate of the fuel 
divided by the total mass of fuel burned during the combustion process. With this proce-
dure, the integrated value of the normalized mass burning rate for the entire combustion 
process should be equal to unity for each fuel and the relative heights of the various por-
tions of the curve reflect the importance of each phase of combustion , regardless of the total 
amount of fuel burned. 
One of the most important parameters in diesel combustion is the ignition delay. The 
definition of the ignition delay is the time from the start of fuel injection to the start of com-
bustion. The crank:angle for the start of combustion was determined from the cylinder pres-
sure data in this study. There are two ways to define the start of combustion: the start of 
visible combustion or the start of measurable heat release. Most researchers use the start of 
measurable heat release to determine the end of the ignition delay [78, 79]. Needham et al. 
[78] showed that ignition delay trends measured by each method were in agreement al-
though small consistent differences in the absolute values were noted. The start of injection 
was deterrnined from fuel injection line pressure data. A typical fuel injection pressure dia-
gram is shown in Figure 5.18. The start of injection was 19.9°BTDC when the engine was 
operated at 1400 rpm and 100% of full load, and 15.9° BTDC for 1400 rpm and 20% of full 
load. 
5.4.1 Comparison of fuel burning rates 
Figures 5.19 to 5.22 show the normalized mass burning rate vs. crank.angle for each fuel 
group. Normally, the combustion process in diesel engines takes place in two stages, pre-
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mixed and diffusion combustion. Injected liquid fuel has to undergo both physical and 
chemical processes before combustion can occur. Fine fuel droplets must vaporize and mix 
with air while the long carbon chain hydrocarbons break into shorter chain species or radi-
cals. These processes are endothermic so the temperature in the cylinder drops slightl y. 
The heat release curve also shows a slight drop. After the ignition delay period, the previ-
ously prepared fuel-air mixture begins to burn. This initial combustion phase, called 
premixed combustion, is very rapid so the pressure in the cylinder increases sharply, and the 
heat release also achieves its first peak. When the premixed combustion ends, the combus-
tion will enter the diffusion stage where the burning rate is controlled by the availability of 
near-stoichiometric fuel-air mixture. The diffusion combustion is slower than the premixed 
combustion, and most of fuel will be burned in this period. 
Fuel blends containing methyl ester revealed similar combustion behavior whether the 
ester was blended with high or low sulfur diesel or whether the ester was winterized. The 
iso-propyl ester showed some special behavior that will be discussed later in this section. 
It can be seen from Figures 5.19 to 5.22 that the fuel blends of esters burned in a similar 
manner to diesel fuel. All fuels experienced rapid premixed burning followed by a diffu-
sion combustion period. All blends of esters had a shorter ignition delay than No.2 diesel 
fuel. Because No.2 diesel fuel experienced a longer ignition delay, after ignition it burned 
more rapidly than all the fuel blends, and had a higher peak premixed burning rate. 
Figure 5.23 shows the ignition delay vs. the percentage of esters in No.2 diesel fuel. 
The ignition delay of the 20% and 50% blends decreased, but the 70% blend of methyl ester 
increased slightly although still shorter than No.2 diesel fuel. The ignition delays among 
the 20% blends and the 50% blends were very close. The largest change in ignition delay 
between the 20% blends and No.2 diesel fuel was 1.00° which corresponded to 
20%MS+DH, and 1.75° for the 50% blends which came from 50%IP+DL. The phenome-
non of shorter ignition delay confirmed the relationship between ignition quality and the 
cetane number of the fuel. As was shown in Table 5.3, a higher concentration of esters in 
the fuel blends means a higher cetane number due to the higher cetane number of the esters. 
All the tested fuels had similar combustion behavior to No.2 diesel fuel under 1400 rpm 
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and 100% of full load condition. The amount of fuel burned during premixed combustion 
was determined by how much fuel was mixed with the air before the start of combustion. 
The longer the ignition delay, the more fuel and air mixture is prepared to burn, causing a 
higher initial burning rate, higher premixed burning fraction and higher rate of pressure rise. 
The process of premixed burning is an important factor in engine noise. 
5.4.2 Premixed burning rate 
Figure 5.24 shows that the mass burned fraction of diesel fuel during premixed combus-
tion period was higher than for the fuel blends with only one exception. Diesel fuel had 
higher volatility and lower viscosity than the esters of soybean oil so more flammable fuel-
air mixture was prepared during the ignition delay period. Furthermore, a longer ignition 
delay for diesel fuel gave a longer time to prepare the premixed fuel and air. Both of these 
factors could contribute to the observed results. Figure 5.25 shows the maximum combus-
tion pressure with the different fuels. It shows very little effect of fuel change. 
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5.4.3 Diffusion burning rate 
After the premixed fuel-air mixture has been consumed, the combustion rate is con-
trolled by the rate at which mixture becomes available for burning. The injected fuel still 
undergoes vaporization, mixing with air, and preflame chemical reactions. The heat release 
curves shown in Figures 5.19 to 5.22 exhibit a second peak under the conditions of 1400 
rpm and 100% of full load. Generally, the maximum burning rate of the diffusion burning 
was lower than that during the premixed burning stage for all fuels. 
The crankangle when the cumulative amounc of fuel burned reaches 50%, 70% or 90% 
can be used as an indicator of the overall duration of the combustion process. Figures 5.26 
to 5.28 show the crankangle when cumulative burning mass fractions were 50%, 70% and 
90%. All fuel blends, except 50%WMS+DL, required about the same time to reach the 
50% burned point. Even the 70% and 90% burned times did not show a significant vari-
ation for increasing amounts of ester. The differences between tests ' conducted on different 
days, as indicated by the diesel baselines for each fuel group, are more significant than the 
changes in the ester percentage. 
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The physical and chemical properties of the fuels may have influenced their combustion 
characteristics. Zubik et al. (80] reported "During the distillation of the methyl ester, a sig-
nificant change was noted at about 70% distillation where evidence of chemical 
decomposi-tion began and a white acrid smoke accompanied the vapors leaving the distilla-
tion flask". In their di stillation of the methyl ester of sunflower oil, the temperatme corre-
sponding to 70% distillation was about 350 °C. They suggested that decomposition of vege-
table oils would result in a series of short chain alkanes, alkenes and oxygenated 
compounds with chain lengths as short as five carbon atoms. The short chain alkenes 
would be especially susceptible to oxidation and could accelerate the combustion of the de-
composed esters after the ignition delay. 
It has been shown that alkenes are an essential intermediate in the oxidation of low 
molecular weight hydrocarbons at low temperatures (80]. Thus, if the methyl ester decom-
posed thermally to give a significant amount of alkenes during the ignition delay, the over-
all reaction path may be shortened compared to diesel fuel. This characteristic of the esters 
of vegetable oil could also be used to explain the higher cetane number of methyl esters 
compared with No.2 diesel fuel. 
On the other hand, the esters of soybean oil and their mixtures with No.2 diesel fuel 
possess lower volatility and a slightly higher viscosity than No.2 diesel fuel. The quality of 
the spray and atomization when the fuels are injected into the cylinder, and the amount of 
fuel-air mixture formed, is lower so that all fuel blends give a lower premixed burning 
rate and less premixed burning mass fraction than No.2 diesel fuel. 
The flame propagation speed of fuels is determined by many factors. Chemically, the 
flame speed peak occurs close to the stoichiometric fuel-air mixture. When the ratio of fuel 
to air decreases , the flame speed will decrease also. For fuels with double bonds, as the 
carbon number increases, the flame propagation speed decreases [81 ]. Physically, the flame 
speed is a strong function of flame temperature which is lower for esters [81]. For all of 
these reasons, the flame propagation speed of esters is expected to be lower than No.2 die-
sel fuel. This may be part of the reason why the premixed burning rate was lower for the 
esters than for diesel fuel. Niehaus et al. (79], Zubik et al. (80] and Faletti et al. [82] ob-
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served a contrary result that vegetable oil and their esters had a higher premixed burning 
rate than No.2 diesel fuel. 
5.4.4 Combustion irregularities 
Since each set of data obtained as part of this project was repeated three times, there 
were three independent sets of cylinder pressure for each fuel blend. Comparison of the 
three burning rate curves of iso-propyl ester showed large differences between the different 
tests. These results are shown in Figures 5.29 to 5.31 corresponding to the three replica-
tions. The 50% fuel blends showed evidence of combustion before the normal start of 
premixed combustion. This is especially true for the last test, where two early small burn-
ing peaks occurred even before the start of injection. 
The first test of the 50% fuel blend showed normal combustion behavior, except that the 
maximum premixed burning rate was higher than expected. 15.5% of the fuel was burned 
during the premixed burning period which was more than No.2 diesel fuel (13.3%). For 
the second test, about 18.0% was burned during premixed combustion, and 19.2% of the 
fuel was consumed during the premixed combustion period in the third test. The earliest 
burning occurred during the third test at about 39 degrees before top dead center. Its start of 
premixed combustion also occurred much earlier. The "ignition delay" was only 0.42 de-
gree of crankangle. Because the two early combustion events resulted in the temperature 
and pressure in cylinder being higher than normal , when normal injection began, the new 
fuel ignited immediately. The diffusion burning portion of these curves was quit slow. All 
tests of the 20% iso-propyl ester followed the normal combustion behavior. The reasons 
which caused the abnormal combustion phenomenon of the 50% blends of iso-propyl ester 
and No.2 diesel fuel are still under investigation. The following are some possible reasons. 
The iso-propyl esters used in this study contained 1.5% (by weight) of total glyceride 
which corresponded to 5.2% (by mole) monoglyceride. This high level was due to the diffi-
culty of separating monoglyceride from ester. Monoglyceride was the product of incom-
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plete transesterification of soybean oil and had higher viscosity. When the iso-propyl ester, 
which contained monoglyceride, was blended with No.2 diesel fuel and supplied to the die-
sel engine, the higher viscosity monoglyceride may cause poor spray quality so that carbon 
deposits were produced at the nozzle holes of injectors. Excessive injector tip deposits 
were noted when the injectors were removed later in the study. The deposits may also have 
been present inside the injector tip and decreased the sealing ability of the needle valve sur-
face. The normal test procedure was to run the engine for one hour to clear its fuel system 
when the fuel was changed, and an additional 15 minutes to take a particulate sample. After 
that, the combustion pressure data were collected. This amount of time may be long 
enough for carbon deposits to form on and in the injectors. When the fuel pressure in-
creased in the injectors, some fuel could leak from the poorly sealed needle surface into the 
combustion chamber and lead to the early burning phenomenon. 
After the 50% iso-propyl ester fuel was tested, the engine was fueled with No.2 diesel 
fuel again. With the engine running, the carbon deposits on the inside of the injectors may 
have gradually burned off. Because the diesel fuel was a commercial grade intended for 
on-highway use, it may also have contained a deposit inhibiting additive. Within a short 
time, the sealing ability of needle valve recovered and the combustion was back to normal . 
Heat release analysis of ester fuels is not widely available and that which is available does 
not show combustion irregularities like that observed here. Work is continuing to find the 
explanation for this phenomenon. 
5.4.S Light load combustion 
When the diesel engine was tested at light load, the combustion of fuel blends revealed 
the same trends during premixed burning stage as at full load. Figure 5.32 shows the nor-
malized burning rate. The fuel blends had shorter ignition delays than No.2 diesel fuel. At 
light load condition, all fuels showed a relatively flat diffusion combustion period. After 
initial, a large fraction of the fuel would be burned in the premixed mode. There was only 
one burning rate peak observed. 
0
.1
5 
Le
g
e
n
d
 
D
H
 
-
-
-
-
-
2
0
%
M
S
+
D
H
 
-
-
-
5
0
%
M
S
+
D
H
 
-
-
-
-
-
· 
7
0
%
M
S
+
D
H
 
Q
) 
0
.1
0 
\ 
O
> 
!: 
\ 
c:
 
Il
l 
{ "
\\ 
..>
<: c:
 ~ ~
 
I 
\ 
I 
.....
 -
I 
',\
I 
Cl
> 
I 
\ 
I 
~ Ol 
j ,' 
·.\ \
 
c:
 
0
.0
5
 
·c:
 
! I 
\\
\ 
.....
 
=
i 
.0
 
'° 
<n
 
I 
' 
\ 
-...
.J 
g}
 
j ,'
 
'\'
 
E
 
"O
 
' 
I 
Cl
> 
J1
 
.!::
! 
(i
i E
 
I 
I 
ii
 
0 
0
.0
0
 
ft
/ 
z 
-0
.0
5 
L
-
~
"
-
-
~
"
-
-
~
.
.
_
~
.
.
_
~
.
.
_
~
.
.
_
~
.
.
_
~
..
_~
..
_~
..
._
~.
..
_~
..
._
~.
..
_~
..
..
_~
..
..
_~
..
..
_~
..
..
_~
..
..
_~
_.
_~
~ 
-2
0 
-1
0 
0 
10
 
20
 
3
0
 
C
ra
nk
an
gl
e 
(D
eg
re
e)
 
Fi
gu
re
 5
.3
2 
N
or
m
al
iz
ed
 b
ur
ni
ng
 r
at
e 
o
f m
et
hy
l 
es
te
r b
le
nd
s 
at
 2
0%
 lo
ad
 
98 
6. CONCLUSIONS AND RECOMMENDATIONS 
6.1 Conclusions 
A turbocharged diesel engine has been tested under steady state conditions to investi-
gate the engine performance and emissions of methyl and iso-propyl esters of soybean oil 
with commercial No.2 diesel fuel. The results indicate that: 
1. Methyl and iso-propyl esters of soybean oil have higher cetane numbers than 
No.2 diesel fuel. They can be used as cetane improvers to increase the cetane 
number of diesel fuel. The lower heating value of both of esters is about 12% 
lower than No.2 diesel fuel. 
2. As a diesel engine fuel, the blends of methyl and iso-propyl esters with No.2 
diesel fuel appear promising. The engine performance of these fuels is similar 
to operation with No.2 diesel fuel with slightly higher fuel consumption and 
lower brake power. 
3. All fuel blends of methyl and iso-propyl esters of soybean oil produced lower 
emissions of carbon monoxide. 50% methyl ester blended with low sulfur 
No.2 diesel fuel had a CO emission reduction of 25.3%. 
4. All fuel blends of methyl and iso-propyl esters of soybean oil produced lower 
emissions of unburned hydrocarbon with the maximum reduction of 29.0% 
from 50% iso-propyl ester blended with low sulfur No.2 diesel fuel. 
5. Particulate and solid carbon emissions were significantly reduced when the 
diesel engine was fueled with fuel blends of methyl and iso-propyl esters. 
50% iso-propyl ester blended with low sulfur No.2 diesel fuel gave the largest 
reductions in particulates and solid carbon emissions which were 28.0% and 
55.3%, respectively. However, the soluble organic fraction for particulates of 
fuel blends increased with increasing percentage of esters in the fuel blends. 
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6. NOx emission of aJl blend fuels were slightly higher than for No.2 diesel 
fuel. 
7. At light load condition , ester/diesel fuel blends appeared to decrease CO and 
HC emission and increase NOx, but none of the changes were statistically 
significant. 
8. At light load condition, emissions of particulate and solid carbon for the blends 
were significantly increased due to large increases in the soluble organic por-
tion of the particuJate. The more ester in the fuel blends, the higher the particu-
late and SOF levels. 
9. All fuel blends experienced the same combustion stages as No.2 diesel fuel. 
10. AJJ fuel blends experienced a shorter ignition delay under both 100% and 
20% load conditions. At full load, they had a lower amount of premixed 
burnjng. 
11 . Blend of methyl or iso-propyl esters and No.2 diesel fuel showed simiJar dif-
fusion burning rates to No.2 diesel fuel. 
12. 50% blend fuel of iso-propyl ester showed evidence of some abnormaJ com-
bustion and may cause carbon depo its on the injector nozzles. 
6.2 Recommendations for Future Work 
To fu1ther investigate the mechanisms that reduce emissions fore ters of vegetable oils, 
some specific tests can be conducted. 
l . Feed extra oxygen into the diesel engine with the intake air to inspect the 
effect of additional oxygen atoms on emission reductions. 
2. Use cetane improver to simulate the effect of increasing cetane number of the 
ester fuels. 
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3. Individually test some long chain carbon compounds (saturated and un-
saturated) which are contained in vegetable oils and their esters, such as: 
Hexadecanoic acid CHJ(CH2)14COOH (palmitate C 16:0) 
Octadecanoic acid CHJ(CH2)16COOH (stearate Cl8:0) 
Trans-9-0ctadecenoic acid CHJ(CH2)1CH=CH(CH2)1COOH (oleic C18:1) 
9, 12-0ctadecadienoic acid CHJ(CH2)4CH=CHCH2CH=CH(CH2)1COOH 
(linoleic Cl8:2) 
9, 12, 15-0ctadecatrienoic acid 
CHJCH2CH=CHCH2CH=CHCH2CH=CH(CH2)1COOH (linolenic Cl 8:3) 
and their methyl and iso-propyl ester compounds. 
4. Further purifying the iso-propyl ester of soybean oil, and performing engine 
tests to investigate the combustion irregularities. 
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APPENDIX A CALIBRATIONS OF PRESSURE TRANSDUCERS 
Four pressure transducers were used during the experiment. Two of them were Viatran 
model 141 pressure transducers, and one was a Kistler model 6061A pressure transducer. 
They were calibrated with an Amthor type 452 dead-weight tester. The fourth was a 
Baratron differential pressure transducer which was calibrated with regulated compressed 
air and a water manometer. The specifications of these pressure transducers are shown in 
Table A.1. 
Type 
Viatran 141 
Viatran 141 
Kistler 6061A 
Baratron (Dift) 
Table A.1 Specifications of pressure transducers 
Range 
0.0-21.0 bar 
0.0-6.9 bar 
0.0-250.0 bar 
0.0-2.49 kPa 
Output 
1-8 mV 
1-8 mV 
0-lOV 
Application 
Primary dilution 
2nd dilution 
Cylinder pressure 
Intake ai r pressure drop 
One of the two Viatran pressure transducers was installed upsteam of the orifice in the 
primary dilution air line, and the other was located just before an orifice in the secondary 
dilution air line. The two Viatran pressure transducers were calibrated by another student 
working on an earlier project. The calibration data that are shown in Table A.2 are ex-
tracted from Qiqing Jiang's PH.D. dissertation [83). 
Before installation, the Kistler pressure transducer was calibrated on a dead-weight 
tester. The calibration procedure was to load and unload the known weights on the tester 
plate. The output signal from the pressure transducer, which was recorded as a voltage for 
each pressure setting, was amplified by a PCB charge amplifier, and received by a Zenith 
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Z-386 computer and an Analog Device RTI-860 data acqui ition board. A linear regres-
ion analysis was performed to fit a straight line to the test data. 
The differential pre sure transducer wa u ed to measure the pre ure drop across a 
Meriam Laminar Flow Element to determine the engine's intake air flow rate. During cali-
bration, a regulated compressed air supply was app lied to a valve and the pressure drop was 
measured with the differential pre sure tran ducer and a Dwyer water manometer imulta-
neously. After calibration, a linear regre sion analy is was carried out to check the validity 
of the li near equation. The general equation to calculate the pressure or pressure difference 
i as follow : 
where 
P=ao+a1V 
P = pre ure or pres ure difference applied to the pressure transducer; 
V = voltage output from the pre sure tran ducer; 
ao and a1 = linear regre ion coefficients. 
The linear regre ion coefficients and the correlation coefficient are shown in Table 
A.2. The data and the linear regression lines for the Ki tler pressure tran ducer and the dif-
ferential pressure transducer are hown in Figure A.1 and A.2, respectively. 
Table A.2 Linear regression coefficients 
Type ao a1 r2 
Viatran 141 0.5486 bar 0.7469 bar/mV 1.0000 
Viatran 141 -0.0339 bar 0.1488 bar/mV 0.9992 
Kistler 6061A -0.3728 bar 25.37 16 barN 1.0000 
Baratron (Diff. ) -0.00027 kPa 0.2512 kPa/V 1.0000 
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APPENDIX B CALIBRATION OF THE DILUTION Am SYSTEM 
The mass flow rate of dilution air can be determined by measuring the pressure and 
temperature of the dilution air on the upstream side of an orifice. The primary dilution air 
system was calibrated during an earlier study. The foUowing equations, which were used to 
calculate the mass flow rate of dilution air, were extracted from B.C. Murray's M.S. thesis 
(65]. 
where mpda = the mass flow rate of primary dilution air in kg/s. 
Ppor =the absolute static pressure upstream of the orifice in k.Pa. 
Tpor = the temperature upstream of the orifice in K. 
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APPENDIX C PRIMARY DILUTION Am QUALITY TEST 
To accurately measure the particulate emissions, the dilution air must not contain for-
eign particles. The procedure used to determine the influence of particles originating from 
sources other than the engine is described in this appendix. 
The dilution air is provided by an Ingersoll-Rand Centac IT two-stage air compressor. 
Thi test was divided into two steps. First, the air filter in the primary air supply line lo-
cated near ball valve 2 (see Figure 3.2) was removed. Three particulate samples were taken 
with Pallflex glass fiber filters, using the particulate sampling system, on three separate 
days. The mass flow rates of the dilution air and the sample gas were set to the values used 
for engine testing. Then, a new air filter was installed in the air filter holder, and the same 
test wa repeated for another three days. After each filter was allowed to equilibrate in the 
enviromentially controlled weighing chamber for 48 hours, it was weighed with an analyti-
cal balance. The summarized data for those filters i shown in Table C. l. 
These results show: 
I. Filter weight increase due to particulates in the air line is only a small frac-
tion of the weight increase when the engine is tested. 
2. When the air filter is used, some increase in filter weight is sti ll observed, 
probably due to blow-off from the tunnel walls. However, the amount of 
material is much less than observed without filter. 
11 6 
Table C. l Summarized data of tested filters 
without with dirt reduction 
air filter air fi lter rate % 
Dilution air flow rate=0.5942 {kg/s) 
Mean we ight of sample 
on first filter (mg) 0.13 0.09 34.96 
Mean weight of sample 
on second fi lter (mg) 0.03 0.01 60.06 
Dilution air flow rate=0.6958 (kg/ ) 
Mean weight of sample 
on first fi lter (mg) 0.15 0.05 65.92 
Mean weight of ample 
on second filter (mg) 0.02 0.00 100.00 
Dilution air flow rate=0.8329 (kg/ ) 
Mean weight of sample 
on first fiJter (mg) 0.38 0.27 28.00 
Mean weight of sample 
on second filter (mg) 0.04 0.02 42.86 
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APPENDIX D DILUTION TUNNEL MIXING TEST 
The objective of the mixing test was to determjne the effectiveness of the mixing of 
dilution air with exhaust gas in the dilution tunnel. A similar mixing test was performed by 
B.C. Murray [65] who supplied a constant flow rate of C0 2 into the dilution tunnel and 
measured the C02 concentration in the diluted gas. However, to check the actual mixture of 
engine exhaust gas with the dilution air, the test described here was conducted with engine 
exhau t gas. 
Four probes located near the particulate sampling cross section were mounted around 
the dilution tunnel (shown in Figure D.1) to sample the di luted exhaust gas. Each of them 
was inserted into the dilution tunnel 7 .5 cm. Nitric oxide was chosen as the gas to measure 
as an indicator of the effectiveness of the mixing. Since diesel particulates are small 
enough (0.0075-1.00 µm) [1] to behave essentially as gaseous emissions, the results should 
be val id for particulates, also. Between the NO analyzer and the probes there was a switch-
ing valve which made it easy to take samples from different probes. 
The mixing test was conducted for several dilution air flow rates and engine operating 
conditions. Figure D.2 shows results that prove the NO concentration was even cross the 
diameter of the tunnel. It was concluded that the mixing is adequate. 
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APPENDIX E PARTICULATE SAMPLING SYSTEM LEAK TEST 
To measure particulate emission with the dilution tunnel, the sampling system must be 
sealed so that no air leaks into the sampling system. This air would reduce the amount of 
diluted exhaust gas which passed through the particulate filters. While the measured par-
ticulate emission would have a systematic error if the amount of the leakage remains con-
stant, it will possess a random error if the leakage rate is intermittent in nature. However, 
both errors will shift the data in one direction. The procedure used for the leak test is dis-
cussed in this appendix. 
To conduct a leak test, the ball valves in the particulate sample transfer tube, in the 
secondary dilution air line, and the valve between the sample pump and gas meter, as 
shown in Figure 3.3, were closed. The inlet to the filter holder was also capped. The vac-
uum valve was opened and the vacuum pump was used to draw the system down to a vac-
uum of 85 kPa (25 inHg). Then, the vacuum pump was shut off and the time required for 
air to leak back into the system was measured. The vacuum valve was closed during the 
leak-down so that the vacuum pump and connecting hoses would not be a part of the leak 
test. A stopwatch was used with the system's vacuum gage to monitor the leak-down of the 
system. 
The leak test data are plotted in Figure E. l . This leak-down rate is acceptable. The 
vacuum of the sampling system is usually in the vacuum range of 19 to 51 kPa, depending 
on the particulate loading of the filter. The leak down rate can be used to estimate a mass 
flow rate. This rate of leakage is less than 0.16% of the mass flow rate of the particulate 
sample as long as the vacuum in the system is less than 51 kPa. The sampling system was 
periodically tested for leakage following this same procedure throughout the experiment. 
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APPENDIX F FILTER WEIGHING PROCEDURE 
Thi appendix will discus the procedure u ed for weighing particulate filter . 
The balance used was a Mettler AE240 dual range balance located in an enviromentally 
controlled weighing chamber. The humictity and temperature in the weighing chamber 
were kept constant with oil-free compressed ai r continuou ly diffused into the chamber. 
The temperature and relative humidity in the chamber were recorded over the duration of 
the project. The recorded data of temperature and relative humidity are plotted in Figure 
F. Land F.2, respecti vely, for 40 days. To satisfy the EPA requirements of temperature and 
relative humictity in the weighing chamber, which should be in the range of 293 .15 to 
303. 15 K for temperature, and 30% to 70% for relative humidity [11] , both of them were 
controlled at 298 K and 30%. From the recorded data, the average temperature wa about 
298 K and the variations of temperalUre were within ± 2K. The average relative humidity 
wa about 30% and the variations of the relati ve humidity were within ± 3%. Therefore, 
the environmental conditions in the weighing chamber met the weighing chamber pecifica-
tion of EPA. 
The weighing range of the balance was set to 40 grams. After the election of the range 
wa et and after the power upply had been left on for more than 60 minutes, the balance 
was calibrated. The stability detector and the integration time (measuring cycle) were se-
lected at normal ettings. These setting gave the best performance in term of measuring 
accuracy and preci ·ion. The power upply for the balance wa left on during the whole ex-
periment period .. 
During the early part of the project it wa noticed that after everal weighing , a filter 
could show different weights on each weighing. AJso, when the fi lter was on the bal-
ance, the weight di play was unstable. 
To find the rea on, fou r clear filters were randomly sampled and weighed. The weigh-
ing procedure was that the filter was put on the balance pan and the glass door was clo ed. 
After the stability detector light of the balance went off, a topwatch wa started, and the 
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displayed weight of the filter was written down. The weight of the filter was recorded con-
tinuously every 30 seconds for 10 minutes. These filter weights are plotted in Figure F.3. 
As seen in Figure F.3, all of the filter weights tended to decrease, and the change tended to 
slow down after about seven minutes. The largest change of filter weight was 19.88 mg 
which was of the same order as the weight of particulate to be measured. 
Because the filters were kept in plastic petri dishes, some electrostatic charge was easily 
produced on the surface of the petri di shes through friction during the handling and trans-
port of petri dishes into and out the weighing chamber. Moreover, these electrostatic 
charges could not be discharged or at least only very slowly over a long period due to the 
high degree of electrical insulation of the plastic petri dishes, and the low relative humidity 
in the weighing chamber. The filters in the petri dishes collected some of the electrostatic 
charge from the petri dishes. This electrostatic charge, as it was attracted and repelled by 
surfaces in the balance, caused the filter weight to change. Since the balance pan was elec-
trically grounded via the three-pin power plug, the electrostatic charge was discharged 
quickly after the filter was placed on the balance pan. The weights of the filters decreased 
during the weighing period. 
To check this validity of the conclusion, four other clear filters were randomly selec ted. 
Before weighing, all of them were placed directly on a grounded shelf for 10 minutes. The 
weighing procedure was the same as before. The data are plotted in Figure F.4 
which shows that the filter weights changed very little with time. The maximum change of 
filter weight was 0.39 mg, corresponding to only 2.98 % of the minimum particulate sample 
weight 13.08 mg. During the period of the experiment, each filter was grounded first by 
placing it on the grounded shelf for 10 minutes before weighing. 
Some possible methods that may be used to avoid the interference of electrostatics in 
future tests are: 
1. Increase the relative humidity in the weighing chamber to 45 to 60%; 
2. Screen electrostatic forces by placing the filters in a metal container. 
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During thls experiment, four filters were used as reference filters. Before weighing any 
sample filters , two reference filters were weighed first to make sure the balance and the 
weighing chamber were working properly. EPA regulations require the reference filters be 
changed at least once per month, so two of four filters were kept in the weighing chamber 
at any given time. Table F. l shows the statistical data of the reference filter weights. The 
variations could be neglected due to the small coefficients of variation of those reference 
filters. 
After having been stabilized for at least 48 hours in the weighing chamber, the sample 
fi.Jters were ready to be weighed. The display of the balance was set to zero by pressing the 
control bar briefly before each weighing. The filter was removed from the petri dish by 
using a steel forceps and gently placed on the center of the balance pan. The glass door was 
slowly closed. When the stability detector light went off, the filter weight was read imme-
diately. Then, the filter was replaced in the petri di sh. After the balance stability detector 
went off again, it was ready to weigh another filter. To check the reproducibility of the 
balance, each filter was usually weighed two times. The final weight of the filter was the 
average of the two readings. 
Table F. l Statistical data for the reference filters 
Filter 1 Filter 2 Filter 3 Filter 4 
Min. weight (mg) 318.00 335.53 332.56 328.09 
Max. weight (mg) 318.21 335.67 332.68 328.18 
No. of weighings 12 12 12 12 
Mean (mg) 3 J 8.10 335.61 332.60 328.13 
S. Da. (mg) 0.05 0.06 0 .04 0.03 
C.V. % 0.02 0.02 0.01 0.01 
a standard deviation 
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APPENDIX G EFFECT OF METHYLENE CHLORIDE SOLVENT 
TESTS 
Tests were conducted to determine the effectiveness of methylene chloride (CH2Ch) 
solvent in dissolving the soluble organic fraction (SOF) of diesel particulate during the ex-
traction. This appendix contains a description of the tests. 
Pallflex T60A20 filters were used to take the particulate sample during the experiment. 
To determine whether or not the empty filters were stable enough, six empty filters were 
random sampled and extracted with methylene chloride solvent in a Soxhlet extractor for an 
average of 60 cycles. The data are shown in Table G. l. The average mass of soluble ub-
stance on the empty filters is 0.03 mg which corresponds to only 0.16% of the minimum 
mass of particulate under l 00% of full load, and 0.19% of the minimum mass of particulate 
under 20% of full load. So, the empty filters are considered clear enough. 
A second test was conducted to determine whether the solvent used for the extraction 
tests would remove all the materials in the soluble organk fraction (SOF). Because of its 
strong solvent properties, methylene chloride is used widely as the solvent during extraction 
Table G.1 Statistical data for extracted empty fil ters 
Weight change 
Filter 1 (mg) 0 .02 
Filter 2 (mg) 0.06 
Filter 3 (mg) 0.07 
Filter 4 (mg) 0.01 
Filter 5 (mg) 0.01 
Filter 6 (mg) 0.01 
Mean weight change (mg) 0.03 
Standard deviation (mg) 0.03 
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of diesel particulate SOF (22], (29]. The primary compounds in SOF are unburned fuel, 
lube oil, and some aromatic or aliphatic species such as pyridine and aniline (29]. How-
ever, since the volatility of pyridine and aniline is high, making it very hard to weigh a con-
sistent amount of these organic substances, they were not tested. Only No.2 diesel fuel, 
methyl soyate and low detergent oil (30W) were selected as test samples. 
A small amount of each substance, with mass ranging from 2.13 to 40.00 mg, was put 
on six different empty filters. Each loaded filter was extracted with methylene chloride in a 
Soxhlet extractor for an average of 60 cycles. After extraction, these filters were set in the 
weighing chamber for 48 hours, and weighed. The average extraction rates based on six 
loaded filters are shown in Table G.2. 
Inspection of those results shows that the average extraction rate of CH2Ch is greater 
than 99.2%. Therefore, the solvent CH2Ch is a good choice as an extraction solvent. 
Table G.2 Methylene chloride extractable rate for components of SOF 
Removed rate 
Sample No.2 diesel 
Filter 1 98.29 
Filter 2 98.85 
Filter 3 99.72 
Filter 4 98.87 
Filter 5 99.82 
Filter 6 99.77 
Mean(%) 99.22 
Standard deviation 0.64 
amethyl ester of soybean oil 
blow detergent oil (30W) 
(%) 
MS a Oilb 
100.00 99.88 
99.60 100.00 
100.00 99.85 
98.47 99.89 
99.96 98.89 
99.34 99.92 
99.56 99.74 
0.60 0.42 
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Thi appendix contains the measured data from the tudy. 
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